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ABSTRACT

Smith, Stuart D. M.S., Purdue University, December, 2015. Evaluating Management
Options: Simulating Wetland Processes and Performance of Nutrient Reduction by Use
of a Water Quality Algorithm. Major Professor: Laura C. Bowling.

The effects of nutrient overloading have been well identified in areas such as the Gulf of
Mexico, where agricultural drainage from the Midwest is considered a main contributor
to the hypoxic zone. Amongst the suite of agricultural Best Management Practices
(BMPs), managed wetlands may present a more cost effective approach to assimilate
pollutants and improve water quality at the scale of small watersheds. However, previous
research has yielded varying results. Mathematical models have become a tool used to
characterize components and predict behaviors of a given process. Model results can
then be used to analyze multiple management options, improve decision making, and
potentially reduce costs. This research evaluates multiple management options at a
natural wetland by developing and implementing a wetland water quality algorithm
within the Variable Infiltration Capacity (VIC) model.
The successful implementation of the water quality algorithm enabled the following
management options to be further explored for nitrate and soluble reactive phosphorous
(SRP) reduction: 1) establishing plant variety within the wetland, 2) management of
water level to increase water storage, and 3) water storage and reuse for crop irrigation.

xiv
Model simulation results revealed that water storage is the best management option for
nitrate reduction with a decrease in load of 34.7%. Though caution should be taken
during its operation to appropriately manage desorption processes increasing SRP
concentration. The best management option for SRP reduction was the implementation
of wetland species with high plant uptake values similar to that of the Iris pseudacorus L.
(paleyellow iris), which reduced the SRP load by 47.1%. The overall best management
option is water storage and reuse for crop irrigation which provides both environmental
and economic benefits by revealing the following: an increase in wetland area by 68.6%,
a decrease in nitrate and SRP load by 32.4% and 8.0% respectively, while maintaining
water within the wetland and irrigating up to a 20 acre field. Ensuring pumping rates are
set at a sustainable level is also important to avoid reducing the hydroperiod and causing
potential harm to the surrounding ecosystem.

1

INTRODUCTION

1.1

The Existing Issue

The effects of nutrient overloading have been well identified in areas such as the Gulf of
Mexico, where agricultural drainage from the Midwest is considered a main contributor
to the hypoxic zone (Kovacic et al., 2006). Hypoxic zones have adverse effects on the
environment caused by a decrease in the dissolved oxygen concentration. This forces
species to migrate away from the area, while resulting in the deaths of species that are
unable to migrate (Rabalais et al., 2002). Management of large downstream water quality
problems such as the Gulf of Mexico hypoxic zone or eutrophication in the Laurentian
Great Lakes requires improved understanding and management of agricultural drainage
in upstream river channels, and their contributing tributaries.
The main nutrients of concern in agricultural runoff are the inorganic forms of nitrogen
and phosphorus such as nitrates and orthophosphates also known as soluble reactive
phosphorus (SRP). This is due to their effects on the environment and their prevalence in
agricultural land use applications such as fertilizers (Miller, 2013). Phosphates have often
been identified as the limiting nutrient causing eutrophication in fresh water due to large
concentrations of phosphorus in the water leading to enhanced algal growth.
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Eutrophication also results in depletion of dissolved oxygen in water as plants decay,
which also causes stressors on aquatic organisms and the potential for fish kills (Kroger
et al., 2013).
The Wabash River is the longest undammed river east of the Mississippi River, stretching
a total of 475 miles, and draining two-thirds of the state of Indiana (Master Plan for the
Wabash River Greenway, 2010; Wabash River Survey, 2011). The land use within the
watershed is primarily row-crop agriculture. The current land use is much different from
the past. Wetland alterations stemming from the Swamp Land Act of 1849 and 1860
along with the U.S. Department of Agriculture’s Agricultural Conservation Program from
1940 to 1977 converted wetlands for human development such as transportation, urban
development, and agriculture (Mitsch & Gosselink, 2007). A great example of this can
be observed in northwestern Indiana at the Grand Kankakee Marsh, where an estimated
13,700 km2 of wetland once existed. “For all practical purposes, this wetland no longer
exists (Mitsch & Gosselink, 2007).” An increase in subsurface tile drainage systems,
along with high precipitation rates, facilitates conditions in which nutrients can be
flushed out of the soil matrix and transported to nearby watersheds and adversely impact
the environment (Kalita, Cooke, Anderson, Hirschi, & Mitchell, 2007).
Currently, agricultural runoff within the Wabash River watershed is a main contributor to
nonpoint source (NPS) pollution within the watershed (Region of the Great Bend of the
Wabash River Watershed, 2011). NPS pollution from agricultural runoff is the United
States’ largest water quality issue, affecting 60 percent of the Nation’s rivers. By
definition, NPS pollution is very difficult to collect and treat at centralized water
treatment facilities (EPA, 2012). Agricultural best management practices (BMPs) are
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practical actions that producers can take to minimize the transport of nutrients to surface
water. One such option is the use of constructed or managed wetlands. Wetlands may
present a more cost effective approach to assimilate pollutants and improve water quality
in a distributed manner. Kovacic et al. (2006) examined the placement of constructed
wetlands in Illinois where 99.5% of natural wetlands and surrounding prairies have been
removed and replaced with drained farmland (Mitsch & Gosselink, 2007). Two
constructed wetlands were placed in specific locations to act as an intermediate buffer
zone between tile drained agricultural systems and nearby surface water. Results of the
two year study showed reduction of nutrient levels, most notably a total phosphorus
reduction of 53%, with improvement of water quality (Kovacic et al., 2006). Despite
these promising results, other studies have yielded inconsistent conclusions regarding
how the design criteria of wetlands impacts their ability to mitigate nutrient pollution for
long-term treatment (Carleton & Montas, 2010; Richardson & Reddy, 2013;
Schönbrunner, Preiner, & Hein, 2012; Werner & Kadlec, 2000; Zahraeifard & Deng,
2011). Such design considerations may include hydraulic residence time, vegetation
management and the anaerobic condition of wetland sediments (Sylvester 2008).
1.2

Hydraulic Residence Time

In agricultural watersheds, surface runoff and subsurface tile drainage have been
identified as the dominant conduits in the transport of nutrients to downstream waters. In
order to reduce this rapid transport, research has focused on two important variables,
decreasing direct discharge from fields into surface waters and increasing hydraulic
residence time (Kroger et al., 2013). The decreasing of discharge, for example by
implementation of buffer strips, decreases surface runoff into streams by reducing water
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velocity and the particulates that it carries. Hydraulic residence time (HRT) is the
average amount of time water is treated in a reactor; carrying out biological, physical, and
chemical treatment processes (Conn & Fiedler, 2006). HRT is measured by calculating
the volume (m3) of the storage reservoir (for example, a pond or wetland) over the
effluent flow rate (m3/s) as shown in equation (1):
𝑉

𝐻𝑅𝑇(𝑡) = 𝑄

(1)

Where time (𝑡) is measured in days, 𝑉 is the volume of the pond measured in (𝑚3 ) and
𝑄 is the effluent discharge measured in (𝑚3 /𝑑).
Research methods to decrease direct discharge and increase hydraulic residence time of
phosphorus runoff have examined types of filters between surface runoff and subsurface
drainage areas and bodies of water. Wetlands are very effective at creating an
environment to achieve these objectives. They have the ability to decrease outflow
volumes and surface velocity, which results in an increase of hydraulic residence time in
and on the soil profile. In addition, the retention efficiency is increased by both
adsorption and absorption of nutrients to the soil. This occurs when contact between
nutrients such as phosphorus to sediment is increased creating more friction and
increasing the ratio of sorption to water concentration (Kroger et al., 2013).
Conn and Fiedler (2006) examined the relationships between wetland topographies and
hydraulic residence time. Their goal was to explore natural wetlands which tend to have
multiple bottom topographies, and determine which topographies create an environment
that increases hydraulic residence time, and which topographies hinder wetland
performance (Conn & Fiedler, 2006). The study revealed that wetlands containing height
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varying bottom topographies were the most effective at increasing hydraulic residence
time, while the addition of too many baffles resulted in a low hydraulic conveyance and
caused the baffles to fail in flood situations (Conn & Fiedler, 2006).
In addition to bottom topography, vegetation can also modify HRT. Emergent
vegetation in particular has the ability to increase flow resistance by as much as four
orders of magnitude (Chen, 1976; Conn & Fiedler, 2006). Flow resistance is determined
by the relationship between the friction factor and the ground-surface-friction parameter
(Ko). For instance, resistance values have an expansive range from 30-120 for bare sand
up to 3,000-10,000 for short prairie grass (Woolhiser, 1975; Conn & Fiedler, 2006). This
flow resistance is very important in the role of reducing discharge velocity. Conn &
Fielder (2006) determined that an increase in emergent vegetation had a large effect on
hydrodynamic flow by creating resistance between water flow and the emergent
vegetation which reduced velocity, as well as increased HRT. Additional research is
needed to establish a more defined parameter of frictional resistance, as well as to specify
plant species which perform the best (Conn & Fiedler, 2006).
1.3

Phosphorus Processing by Wetland Vegetation and Sediments

In addition to increasing roughness, and therefore hydraulic residence time, the
assimilation and storage capacity of nutrients are important considerations when
identifying which plant species perform the best in a wetland. Phosphorus assimilation
and storage is dependent on vegetative type and growth characteristics (Reddy et al.,
1999). In wetlands the common types of vegetation are: submerged, floating, and
emergent. Submerged vegetation has limited storage capacity for phosphorus; however,
it is effective at altering the physiochemical environment of water affecting the formation
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of chemical precipitates. Floating vegetation is able to assimilate phosphorus directly
from the water column, and is effective at storing phosphorus. The shortcomings to
floating vegetation are that it only provides short-term storage of the phosphorus, and as
the vegetation decomposes a majority of the phosphorus is released back into the
surrounding waters. Emergent vegetation also has the ability to assimilate phosphorus
through the water column, though it is unable to do so at the same rate as floating
vegetation. Emergent vegetation is most effective in its storage capacity. This is due to
the plants established roots and rhizomes below the sediment, as well as its strong
supportive tissue (Reddy et al., 1999). Emergent vegetation is able to translocate
nutrients at the end of the growing season from short-term storage in the shoot portions to
the roots and rhizomes to be stored for the following spring (Reddy et al., 1999). Hadad
and Maine (2007) performed a study to compare the assimilation of phosphorus between
summer and winter in the leaves and roots of both floating and emergent vegetation
species. The floating vegetation species included P. stratiotes (Water lettuce), E.
crassipes (Water hyacinth), and S. rotundifolia Willd (water fern). The emergent
vegetation species examined were P. elephantipes (Elephant panicgrass), T. domingensis
(Cattail), and P. cordata L. (Pickerelweed) (Hadad & Maine, 2007). The results revealed
that floating vegetation experienced seasonal differentiation of total phosphorus content
in the whole plant. Total phosphorus levels measured in the E. crassipes roots and leaves
were lower during the winter than in the summer (Hadad & Maine, 2007). This could be
due to decomposition of floating vegetation or reduction of assimilation through the
water column because of weather conditions (Reddy et al., 1999). Moreover, the results
reconfirm emergent vegetation’s ability to store phosphorus long-term and proficiency of
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translocation as compared to floating vegetation. On the other hand, emergent
vegetation’s total phosphorus amounts varied little between the summer and winter
seasons. This is important to note, because although nutrients migrate from the shoots to
the roots during seasonal change, a majority of the phosphorus remained stored and
minimal phosphorus became a source (Hadad & Maine, 2007).
Additional studies of emergent vegetation have also considered the harvesting of shoots
prior to translocation to remove assimilated phosphorus (Chen et al., 2009). Chen et al.
(2009) conducted a study to analyze the ability of ornamental species to remove nutrients
compared to obligate wetland species. Research was focused on ornamental species,
because they can adapt well in hydric soils, and are also aesthetically appealing.
Aesthetic value is giving rise again in remediation responses, making phytoremediation a
more common practice. The ornamental species analyzed were: C. Xgernalis (Australia
canna), iris pseudacorus (Golden Fleece), calla lily, and dwarf papyrus. The obligate
wetland species used as a comparison were: P. cordata (pickerelweed), P. virgincia
(arrow arum), and S. lancifoia (tongue arrowhead) (Chen et al., 2009). The ornamental
species were very effective at the assimilation of phosphorus. The ornamental species
that was most the most effective was the Australia canna, which also outperformed all
obligate wetland species in the removal of nutrients. The Australia canna was also
harvestable in the shoots where phosphorus was stored (Chen et al., 2009). Overall, the
research indicates that emergent vegetation, including ornamental species, can be
effective at nutrient removal, but more research is needed to examine the efficiency of
variable species functioning together to assimilate phosphorus at different periods of time
(Hadad and Maine 2007; Chen et al. 2009).
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Phosphorus, both organic and inorganic is held primarily in the soil and sediment of a
wetland through a process called sorption. Sorption has been described as a saturable
mechanism, meaning that the soil has a finite capacity to hold phosphorous before it is
desorbed. Desorption occurs when the concentration of phosphorous in the water in a
substrate reaches the soil capacity causing the substrate to become oversaturated and
desorbing the bound phosphorus. Desorption can also occur when background soil
concentrations have high initial phosphorus concentrations, and then are inundated by
water with lower phosphorus concentrations (Kadlec & Wallace, 2009).
Recent studies have looked more in depth at the long-term storage capacity of
phosphorus in wetlands that experience alternating cycles of flooding and draining,
coupled with high rates of sedimentation. Periods of wetting and drying affect the
changes in the iron oxidation state causing a decrease in the iron crystallinity. Moreover,
high sediment rates have the ability to replenish reactive minerals that assimilate
phosphorus. These factors combined can increase the storage capacity of phosphorus in
wetland sediments (Maynard et al., 2009). Maynard et al. (2009) analyzed the spatial
distribution of the phosphorus sorption index (PSI) for an eleven year old constructed
wetland in San Joaquin Valley, California which experiences flooding and drying, as well
as high sedimentation rates which made it a good representative site to analyze (Maynard
et al., 2009). They found that the PSI values were positively correlated with clay content.
Areas of high PSI were found towards the outflow, while areas of low PSI were located
near the middle of the wetland.

Sedimentation rates were higher towards the inflow,

where iron crystallinity was low and decreased towards the middle of the wetland, where
iron crystallinity was high (Maynard et al., 2009). Three zones were identified in the
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wetland: the sediment-deposition zone, transition zone, and iron oxide transformation
zone. The sediment-deposition zone consisted of high sedimentation in the inflow and
outflow area, which also had high PSI values, but low iron crystallinity values. The
transition zone was located in the middle of the wetland and contained the lowest PSI
values and low iron crystallinity values. The iron oxide transformation zone contained
low PSI values, but high iron crystallinity values. Maynard et al. (2009) determined that
sediment-deposition was the controlling process, and the ability to replenish minerals
influenced long-term phosphorus storage. The iron oxide transformation zone receives
little sedimentation, and coupled with the alternating cycles of flooding and draining
causes the iron crystallinity to form poorly (Maynard et al., 2009).

1.4

Nitrate Processing by Wetland Vegetation and Sediment

Oxidized forms of nitrogen consist of nitrite (𝑁𝑂2− ) and nitrate (𝑁𝑂3− ) (Kadlec &
Wallace, 2009). When analyzing both, nitrite and nitrate are typically combined because
analytical methods do not always distinguish between the two forms. However, when
samples are collected from a natural environment nitrate is commonly assumed to be the
primary chemical constituent available, because nitrite is converted to nitrate rapidly by
microbes (Frankenberger & Esman, 2012). Moreover, due to the oxidation state, nitrate
remains stable and persists in the environment; however, in the presence of
biogeochemical processes, nitrates can be transformed and removed from the
environment. Though depending on the site, denitrification and plant uptake are
commonly the primary forms of nitrate removal from the system (Kadlec & Wallace,
2009). Dhondt et al. (2003) showed that during the spring and summer groundwater
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nitrate retention within the riparian zone was balanced by both denitrification and plant
uptake. The spring experienced groundwater nitrate retention values of 49% and 51% for
denitrification and plant uptake, respectively. The relative contributions by
denitrification and plant uptake during the summer were 53% and 47% (Dhondl et al.,
2003).
Plant uptake of nitrate is especially beneficial in wetlands because it presents a removal
mechanism that does not exist for orthophosphates. Nitrate has the ability to be
transformed and expelled back to the atmosphere as a gas. As plants go through their
seasonal cycle they have the ability to assimilate nitrate and utilize the nutrient for plant
growth as well as release the nutrient back into the atmosphere as nitrogen through
dissimilation (Kadlec & Wallace, 2009).
Denitrification also represents another process by which nitrates can be removed that has
been observed often in wetlands. Denitrification results from a change in the oxygen
gradient occurring between the surface water and sediment. This reduction reaction is
often enabled by facultative heterotrophs, which are microorganisms that dissimilate
nitrate to nitrogen. Wetland vegetation also influences denitrification by providing
carbon and attachment sites to provide microbes energy and area to establish themselves.
Emergent and submerged plant species provide the best habitats for denitrification to
occur resulting in nitrate reduction, because of the plants ability to extract the nutrients
needed in the soil using their roots through diffusion. These areas also contain both
aerobic and anaerobic conditions along with available carbon. The aforementioned
supplies microbes with the optimal conditions to allow for denitrification processes to
continue as compared to floating wetland species, where under the same conditions
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available nitrate not assimilated by the vegetation returns to the water column (Kadlec &
Wallace, 2009).
1.5

Current Modeling Tools

Predictive tools are used to support decision making in regards to nutrient mitigation
strategies in constructed or managed wetlands to optimize efficiency in their
implementation. Currently mathematical models have become a tool used more to
characterize components and predict behaviors of a given process.
Hydrologic models are an effective and appropriate tool which can be used to help
predict and understand the behavior of natural systems, and as a result enable more
precise management strategies (Beven, 2002). Hydrologic models have improved in the
past few decades by implementing better understanding of hydrological principles and
processes, but there still remain complexities within the processes that are not
represented. Beven (2002) states, “these problems are not due to lack of understanding,
but to the difficulty of applying that understanding at particular application sites in the
face of heterogeneity, complex local flow pathways, and limitations in measurement
techniques.” These aforementioned complexities coupled with additional chemical,
physical, and biological processes create a lot of uncertainty within a system. This form
of reasoning illustrates the importance of not only the structure of the model, but also the
significance of observed and collected data (Beven, 2002).
Watershed-scale hydrologic and nonpoint-source pollution models have been used to
simulate and evaluate BMPs for flooding, sedimentation, and water contamination (Borah
& Bera, 2004). Examples of watershed-scale hydrologic and nonpoint-source models are
the Soil and Water Assessment Tool (SWAT), Hydrological Simulation Program-Fortran
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(HSPF), and Dynamic Watershed Simulation Model (DWSM). These primary models
consist of both continuous simulation models (SWAT and HSPF) and event simulations
models (DWSM). Both SWAT and HSPF are incorporated in the EPA’s Better
Assessment Science Integrating Point and Nonpoint Sources (BASINS) environmental
analysis system (BASINS, 2013; Borah & Bera, 2004). Bora & Berah (2004) analyzed
these models by reviewing a combined 47 research studies that simulated three major
components: hydrology, sediment, and chemical. Their analysis revealed that SWAT and
HSPF were both appropriate continuous simulation models to represent agricultural and
agricultural and urban watersheds, respectively. However, both models still need to
further develop their ability to simulate monthly and daily dynamics during extreme
weather. The review analysis of DWSM by Borah & Berah (2004), determined that the
modelling tool is effective at simulating the discharge of nutrients and sediments when
compared to observed data during extreme rainfall events. In addition, they added that
combining the strengths of SWAT and DWSM would allow more accurate prediction of
the transport of pollutants and sediments which is crucial during storm events (Borah &
Bera, 2004).
Water quality models are used to describe the biogeochemical reactions occurring within
a hydraulic system. Common types of models used for describing the internal reactions
within wetlands are: 1) batch reactor, 2) well mixed or continuous-flow stirred-tank
reactor (CFSTR), 3) plug-flow reactor (PFR), 4) tanks in series (TIS), and 5) parallel
paths (Tchobanoglous & Schroeder, 1985; Kadlec & Wallace, 2009).
CFSTR and PFR models are considered the foundational model types used for simulating
wetland treatment systems. CFSTR models act as a lake by which influent particles
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entering the site location are well mixed throughout the volume so that the same
concentration exists at any point. In contrast, PFR models simulate rivers, where influent
particles are the result of the detention time of the upstream reach, and particles are
discharged in the sequence in which they enter (Kadlec & Wallace, 2009; Tchobanoglous
& Schroeder, 1985).
The Variable Infiltration Capacity (VIC) model is a macroscale hydrologic model which
takes into account multiple land and atmospheric input parameters to solve water and
energy balance equations (Liang et al., 1994). VIC is an adaptable model, and has been
applied in multiple hydrologic conditions throughout the world (Abdulla et al., 1996;
Bowling et al., 2000; Lohmann et al., 1998b; and Nijssen et al., 2001). Though the VIC
model has shown to be very effective in calculating change of storage within physical
systems, little research has been completed to add water quality processes to the model.
1.6

Overall Goal

The overall goal of this project is to evaluate the downstream impact on nutrient load of
different management strategies within a natural, agricultural wetland in Tippecanoe
County, Indiana by creating a wetland water quality algorithm within the VIC hydrologic
model. I hypothesize that increased diversity of wetland vegetation and active
management of the water level will reduce downstream nutrient loads over baseline
values, by increasing HRT and the time period of nutrient uptake by vegetation. Water
storage and reuse as irrigation will also decrease downstream nutrient loads, but may
impact wetland ecosystem function. The implementation of the water quality algorithm
will allow simulation of an array of management options. This will be accomplished
through the following specific objectives:
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1. Enhance the VIC model by building a nutrient water quality algorithm into the
wetland model component developed by Bowling and Lettenmaier (2010).
2. Implement the water quality algorithm into the VIC model and calibrate and
evaluate model performance with respect to observed wetland storage, streamflow
and nutrient concentrations.
3. Investigate management options, including outlet control, water reuse for
irrigation and vegetation control, on downstream water quality using the enhanced
VIC model.
The aforementioned objectives were accomplished using monitored and observed data
collected from the wetland, spanning time from 2007 to 2014. In addition, literature
reviews were performed to parameterize processes based on experimental data.
Throughout the research, extensive literature reviews will also be incorporated to support
the selection of parameters used for the water quality algorithm.
1.7

Thesis Organization

This thesis is organized into eight chapters. Chapter 1 entails the inspiration behind the
research and the reasoning for the implementation of a water quality algorithm. This is
completed by describing the current state of wetlands and the modeling tools used to
simulate their processes. Chapter 2 provides detailed background information of the field
site and previous research performed along with their findings. Chapter 3 provides
background information on the VIC model along with its breadth of tools and experience
assimilated by previous research. In addition, the chapter describes the integration of the
new water quality algorithm along with the parameters it includes. In Chapter 4, the
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model set-up is made available to give more insight of the adjustments needed to
incorporate the new water quality algorithm. Chapter 5 includes the literature review
used to quantify the new parameters, and the sensitivity analysis results of the new
parameters. Chapter 6 describes the model calibration and evaluation along with
management options to be explored by use of the VIC model. In Chapter 7, results and
discussion of the management options are described. Finally, Chapter 8 entails a
discussion and conclusion of the experimental simulations with future research
endeavors.
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OAK’S WOOD WETLAND

2.1

Site Description

The location of the research site is at the Oak’s Wood wetland at the Agronomy Center
for Research and Education (ACRE) in West Lafayette, IN as depicted in Figure 1. The
research site has been identified by the U.S Fish and Wildlife Service as a natural
wetland. The wetland itself is 2,000 m2, and has a natural watershed of about 0.3 km2 in
size (Sylvester, 2008; Chiu, 2013). The wetland is an intermediate buffer zone between
the ACRE farmland and adjacent waterways whose outlet flows into the Indian Creek,
which then proceeds to the Wabash River (Sylvester, 2008)
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Figure 1: Location of the Oak’s Wood wetland at Purdue University’s Agronomy Center
for Research and Education (ACRE) in West Lafayette, IN
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According to the Clean Water Act in 40 CFR 230.3 (t), to be considered a wetland the
area must meet the characteristic requirements consisting of being inundated by
groundwater or surface water, and support vegetation which thrives in saturated soil
profiles (Wetlands Definitions, 2012). The research site meets the listed requirements;
however, vegetation in the area though considered a wetland species is also an invasive
plant. This species is the Phalaris arundinacea L., reed canary grass, which is considered
a facultative wetland (FACW) plant (Sylvester, 2008). In addition, the wetland also
receives its water much differently than typical natural wetlands. Natural wetlands
generally receive a majority of their saturation from rainfall, surface water, and
groundwater (Miller, 2013). The wetland near ACRE receives a majority of its water
through two subsurface tile drains, which are identified in Figure 2 as Inlet A and Inlet B.
Inlet A receives drainage from a 604,000 m2 area and Inlet B receives drainage from
126,000 m2. As shown in Figure 2 the watershed area which is not associated with the
tile drains of Inlet A or Inlet B, but does drain into the wetland is 157,000 m2 (Chiu,
2013). With the implementation of the agricultural tile drains, an additional aggregate
area of 573,000 m2 contributes to the wetland, and generates a direct conduit for nutrient
inflow.
2.2

Previous Work

The wetland has been monitored for water quantity and quality since 2007, through
automated water level readings in the inlet channels, center of wetland, and outlet
channel as well as weekly grab samples for water quality analysis. Previous research has
been conducted in the area by Sylvester (2008) and Chiu (2013) analyzing wetland water
quality and subsurface hydrology. Chiu (2013) found that the majority of wetland inflow
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is stored in the winter and spring, while a majority of water is lost in the summer due to
recharge to the local soil moisture.
During the first year of study Sylvester (2008) found that although the wetland reduced
influent nitrate load from agricultural drainage by 10%, the annual orthophosphate load
was increased primarily during winter and spring. Figure 3 and Figure 4 compare average
influent and effluent nitrate and SRP concentrations respectively from 2007 to 2011.
Although loads may provide better insight of the hydrologic and chemical dynamics
within the wetland, up to date load calculations have not been processed yet due to time
constraints. Figure 3 shows that average inlet nitrate concentrations are reduced within
the wetland for most of the year when compared to the average outlet concentrations.
This occurs consistently for all months with the exception of December, where inlet and
outlet values have a concentration of 8.70 ppm and 9.12 ppm respectively. Figure 4
displays that the average SRP concentrations are more variable during the winter through
summer periods as compared to nitrate concentrations, as shown in Figure 3. From
January to September the wetland effluent SRP concentrations are lower than the influent
three times over the nine month span, and are higher six times over the same time period.
Those months when outlet concentrations have increased provides information that the
wetland is acting more as a source of orthophosphate concentration instead of a sink
during the wet seasons.
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Figure 2: Contributing area of subsurface tile drains and the natural watershed which
drain into the wetland (Naz & Bowling 2008; Chiu, 2013).
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Figure 3: Averaged observed nitrate concentrations (in ppm) from the inlets and outlet
from 2007 to 2011.
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Figure 4: Averaged observed SRP concentrations (in ppm) from the inlets and outlet
from 2007 to 2011.
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Basic soil analysis has also been performed to determine the mean of soil chemical
properties along with the associated spatial variation (Wang et al., 2013). Wang et al.
(2013) analyzed for phosphorus (P), iron (Fe), aluminum (Al), magnesium (Mg),
potassium (K), calcium (Ca), and organic matter (OM) by collecting soil samples with an
auger at a depth of 0 cm to 20 cm. Sampling locations are shown in Figure 5. This figure
shows sampling locations were segmented into eight quadrants where equal spacing
between sampling locations was maintained. Samples were dried and passed through a 2
mm sieve, and sent to A&L Great Lakes Laboratory, Inc. for analysis. Sample analysis
included soil pH, cation exchange capacity, and Mehlich III (M3). The results of the
analysis are listed in Appendix A as Figure 29 and 30. Wang et al. (2013) found that Al,
Fe, and Ca control the sorption of P within the sediment. In addition, the distribution of P
throughout the wetland can be affected by both environmental and human factors such as
topography, organic matter, and the placement of the inlets (Wang et al., 2013).
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Figure 5: Soil boundaries and sampling locations at the Oak’s Wood wetland.
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THE VIC MODEL DESCRIPTION

3.1

The Current VIC Model

The Variable Infiltration Capacity (VIC) model was first developed by Liang et al. (1994)
to simulate and better represent large-scale land surface hydrologic processes in general
circulation models, as shown in in Figure 6. The VIC model incorporates both surface
and subsurface processes. The surface is characterized by different land cover classes
described by leaf area index (LAI), canopy resistance, and the relative fraction of roots in
each soil layer. For each of these land cover classes processes such as
evapotranspiration, interception, surface runoff, sensible and ground heat fluxes are
calculated by the model (Liang & Lettenmaier, 1994). The current version of the VIC
model supports an unlimited number of soil layers, with soil layers 1 and 2 used to
simulate the soil column runoff response to rainfall events (Liang & Lettenmaier, 1994;
Liang & Xie, 2003). The subsurface base flow is represented based on soil moisture
content in the bottom-most soil layer, using concepts from the Arno model where
drainage from upper layers will go only downward (Liang & Lettenmaier, 1994). The
integration of both surface and subsurface features has made the VIC model unique as
compared to previous general circulation models.
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For instance, features such as relative root fraction which has the ability to extend and
extract water from the lowest soil layer depending on vegetation type, along with fast and
slow runoff production enables more accurate simulations and water and energy balance
calculations (Liang & Lettenmaier, 1994).

Figure 6: Schematic representation of the VIC-2L model (Liang & Lettenmaier, 1994),
where the following are computed from each land cover class: E1 is the evaporation from
the bare soil, Ec is the evaporation from the canopy, Et is transpiration, P is throughfall,
Qd is runoff, Qb is baseflow, W1 and W2 are the soil moisture content.

The VIC model was further enhanced by integrating an algorithm to represent frozen soil
conditions along with the interception of snow by forest canopies. The canopy
interception algorithm was implemented to more accurately calculate snow accumulation
and ablation. While the addition of the frozen soil algorithm was implemented to
estimate spring flood flow (Cherkauer & Lettenmaier, 1999).
Though the VIC model has continued to make strides and become more advanced, the
large scale hydrologic model lacked some of the small scale land surface interactions that
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impact the surrounding hydrology, such as lakes and wetlands. As a result Bowling and
Lettenmaier (2010) developed an algorithm to represent lakes and wetlands.
A lake and wetland land class can be added to the grid cell that represents areas that
contain permanent or seasonally flooded water bodies. By allowing the simulated open
water area to expand and contract, the lake and wetland algorithm has the ability to adapt
to different climates and regions (Bowling & Lettenmaier, 2010).
To create the lake and wetland physical description for the original algorithm five
components were required as shown in Figure 7: 1) the extent of the permanently flooded
area, 2) the extent of the seasonally flooded area, 3) the maximum depth of the permanent
open water, 4) maximum depth of the lake and wetland combined, and 5) the bathymetry
of the seasonally opened water (Bowling & Lettenmaier, 2010). The current algorithm
uses a topographic index approach to characterize the bathymetry of the seasonally
flooded portion rather than a constant slope in order to quantify the spatial variability of
the water table depth and the moisture exchange between the surface and subsurface.
With the use of a DEM that takes into account slope gradient and upslope area, the
calculated topographic index value can be used to show hydrologic relationships and
differences to better understand subsurface movement (Chiu, 2013).
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Figure 7: The physical description (AZ) of the lake and wetland algorithm. Where Amax
and Amin are the maximum and minimum lake and wetland extent respectively. Zmax and
Zmin are the maximum and minimum lake and wetland depth respectively (Bowling &
Lettenmaier, 2010).

These physical characteristics help lay the foundation for the lake and wetland algorithm
where water and energy balance equations are solved in each time step to calculate the
changes in water storage, temperature and the development of an ice and snow layer as
seen in Figure 7 and 8. Evaporation occurring at the water surface is quantified by
solving a surface energy balance based on Hostetler and Bartlein (1990) and Hostetler
(1991). Runoff into the lake and wetland are quantified by the VIC model from the other
land surface fractions. Runoff out of the lake and wetland (or the lake and wetland
outflow) is calculated based on water depth in the wetland using an equation for flow
over a broad-crested weir. Subsurface outflow is determined by again using the concepts
from the Arno model to calculate a baseflow rate (Bowling & Lettenmaier, 2010). These
components together contribute to the change in stage, and at each time step a new water
balance is calculated.
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Figure 8: VIC algorithm components, where I) is the evaporation using an energy
balance equation, II) is the runoff and inflow into the lake or wetland deriving from the
exposed wetland, baseflow, and vegetation fraction, III) is the lake excess runoff or
outflow calculated flow over a broad-crested weir, and IV) is the runoff loss which is the
recalculated change in stage (Bowling & Lettenmaier, 2010).
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3.2

Water Quality Algorithm Development

The wetland water quality algorithm was added to the VIC lakes and wetland algorithm
in order to analyze and predict the impact of management strategies on nutrient pollution
leaving the natural wetland located in West Lafayette, IN. It consists of a continuousflow stirred tank reactor CFSTR model and contains three primary processes: plant
uptake, soil sorption, and denitrification. In each time step, the algorithm predicts the
wetland effluent nitrate and orthophosphate concentration based on an input monthly
constant influent concentration and the simulated wetland concentration.
CFSTR models have been used to simulate lakes and reservoirs (Chapra, 1997;
Tchobanoglous & Schroeder, 1985). This model assumes that the wetland is a wellmixed system, meaning that the effluent nitrate or orthophosphate concentration has the
same nitrate or orthophosphate concentration as the water stored in the main body of the
wetland. Once water enters the wetland, any reaction rates which change nitrate or
orthophosphate concentrations within the wetland at one location are equal to the nitrate
or orthophosphate concentration at another location within the wetland (Tchobanoglous
& Schroeder, 1985).
The equations below represent a mass balance equation, in which the change in
concentration in the wetland over time reflects the balance of influent load minus effluent
load minus any internal reaction components (Weiss et al., 2006):

V C t 
t
Or

 QinCin  Qout C t   ruC t   rS (C t   C )

Accumulation = Inflow – Outflow – Reaction

*

(2)
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Where 𝑉 is the volume of the wetland in (m3). 𝐶 is the calculated concentration (g/m3) at
the given time step (𝑡) which is in hours. 𝐶𝑖𝑛 is the influent concentration in (g/m3).
𝑄𝑖𝑛/𝑜𝑢𝑡 is the influent and effluent discharge from the wetland respectively and measured
in (m3/hr). The reaction rates of plant uptake (𝑟𝑢 ) and sorption (𝑟𝑠 ) are measured in
(m3/d) (converted internally to m3/hr). 𝐶 ∗ is the background soil concentration measured
in (g/m3).
This model design stemmed from Weiss et al. (2006) who focused on the removal of
heavy metals from storm water detention ponds. The research involved laboratory and
field experiments to determine removal rates. Finally, the gathered data was used to
describe and build a model for a well-mixed detention pond using first-order reaction
rates (Weiss et al., 2006). The proposed model by Weiss et al. (2006) included plant
uptake and soil sorption removal coefficients. In order to incorporate dominant wetland
processes such as the processes taking place at the Oak’s Wood wetland, the basic model
components of Weiss et al. (2006) were implemented into the VIC water quality
algorithm, along with denitrification as an added process for the nitrate component. The
phosphorus component for the VIC model uses the parameters listed in equation (2).
By solving the steady state solution for equation (2), a concentration equilibrium (𝐶𝑒 ) is
calculated for the SRP concentration in (g/m3) as listed below (Weiss et al., 2006):
(3)

Qincin  rsC *
Ce 
Qout  ru  rs
Where 𝐶𝑒 is the concentration equilibrium in (g/m3).
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After integrating equation (2), a non-steady state equation can be used to solve for SRP
concentration at the given time step (𝐶𝑡𝑖𝑚𝑒𝑠𝑡𝑒𝑝_𝑒𝑛𝑑 ) in (g/m3) while incorporating the 𝐶𝑒
as follows (Weiss et al., 2006):
Ctimestep _ end  Ce  Ce  Ctimestep _ start  e



dt
Qout rup rS 
V 

(4)

Where 𝐶𝑡𝑖𝑚𝑒𝑠𝑡𝑒𝑝_𝑒𝑛𝑑 is the SRP concentration at the end of the given time step. 𝐶𝑒 is the
SRP concentration equilibrium in (g/m3). 𝐶𝑡𝑖𝑚𝑒𝑠𝑡𝑒𝑝_𝑠𝑡𝑎𝑟𝑡 is the initial SRP concentration
at the start of the time step in (g/m3), and 𝑑𝑡 is the time step length in hours.
The nitrate component for the water quality algorithm has two primary reaction rates,
plant uptake and denitrification. The nitrate component is solved the same way as the
phosphorus component as listed below:

V C t 
t

 QinCin  Qout C t   ruC t   rnC(t )

(5)

Where the reaction rate for denitrification (𝑟𝑛 ) is measured in (m3/d).
Solving the steady state solution for equation (5) will yield a concentration equilibrium
(𝐶𝑒 ) for nitrate in (g/m3) as follows (Weiss et al., 2006):

Ce 

Qincin
Qout  ru  rn

After integrating equation (5) and incorporating the 𝐶𝑒 , the non-steady state equation
listed below is used to solve for the nitrate concentration at the end of the time step
𝐶𝑡𝑖𝑚𝑒𝑠𝑡𝑒𝑝_𝑒𝑛𝑑 in (g/m3) as follows (Weiss et al., 2006):

(6)
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Where 𝐶𝑡𝑖𝑚𝑒𝑠𝑡𝑒𝑝_𝑒𝑛𝑑 is the nitrate concentration at the end of the given time step. 𝐶𝑒 is
the nitrate concentration equilibrium in (g/m3). 𝐶𝑡𝑖𝑚𝑒𝑠𝑡𝑒𝑝_𝑠𝑡𝑎𝑟𝑡 is the initial nitrate
concentration at the start of the time step in (g/m3), and 𝑑𝑡 is the time step length in
hours.
The reaction terms listed in the water quality algorithm for both the nitrate and
phosphorus component will be further detailed in the following section.

3.2.1

Plant Uptake

One of the main routes and storage zones of nutrients through a wetland occur in plants
through their ability to uptake nutrients. Mitsch and Gosselink (2007) describe this as
intrasystem cycling, which begins when wetland vegetation uptakes nutrients from their
roots and translocates them to their stems and leaves. The cycle ends with the senescence
of plants and production of litter. This process is dependent on seasonal patterns where
microbial and macrophyte productivity are at the peak during growing seasons (Mitsch &
Gosselink, 2007). In the water quality algorithm, the complex processes for the rate of
plant uptake (𝑟𝑢 ) of both nitrate and orthophosphate is estimated as follows (Weiss et al.,
2006):
𝑟𝑢 = 𝑘𝑢𝑝 ∗ 𝑟𝑜 ∗ 𝐴𝑝𝑡

(8)
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Where the reaction rate for plant uptake (𝑟𝑢 ) is calculated using the volumetric rate
constants for plant uptake (𝑘𝑁𝑢𝑝 , 𝑘𝑆𝑅𝑃𝑢𝑝 ) measured in (d-1 ), 𝑟𝑜 is the radius (m) of the
wetland, and 𝐴𝑝𝑡 is the area (m2) of the wetland occupied by vegetation.
The 𝑟𝑜 and Apt are predicted as a function of the variable wetland area predicted by the
original VIC lake and wetland algorithm.
In order to explore seasonally varying rates of plant uptake based on vegetation growth
cycles the rate of uptake was tied to the monthly-varying leaf area index (LAI) in the
model:
𝑘𝑁𝑢𝑝 𝑗 = 𝑘𝑁𝑢𝑝 ∗ (𝐿𝐴𝐼 − 𝐿𝐴𝐼𝑙𝑖𝑚𝑖𝑡 )/(𝐿𝐴𝐼𝑚𝑎𝑥 − 𝐿𝐴𝐼𝑙𝑖𝑚𝑖𝑡 )

(9)

Where 𝑘𝑁𝑢𝑝 𝑗 is the calculated monthly plant uptake rate of nitrate (d-1), 𝑗 is the month,
𝑘𝑁𝑢𝑝 is the input plant uptake rate of nitrate (d-1), LAI is the input leaf area index,
𝐿𝐴𝐼𝑙𝑖𝑚𝑖𝑡 is the leaf area index lower limit value of the simulated crop, and 𝐿𝐴𝐼𝑚𝑎𝑥 is the
leaf area index maximum value of the simulated crop. Similarly,

𝑘𝑆𝑅𝑃𝑢𝑝 𝑗 = 𝑘𝑆𝑅𝑃𝑢𝑝 ∗ (𝐿𝐴𝐼 − 𝐿𝐴𝐼𝑙𝑖𝑚𝑖𝑡 )/(𝐿𝐴𝐼𝑚𝑎𝑥 − 𝐿𝐴𝐼𝑙𝑖𝑚𝑖𝑡 )

(10)

Where 𝑘𝑆𝑅𝑃𝑢𝑝 𝑗 is the calculated monthly plant uptake rate of SRP (d-1) during the month
of 𝑗 , 𝑘𝑆𝑅𝑃𝑢𝑝 is the current plant uptake rate of SRP (d-1), LAI is the leaf area index,
𝐿𝐴𝐼𝑙𝑖𝑚𝑖𝑡 is the leaf area index lower limit of the simulated crop, and 𝐿𝐴𝐼𝑚𝑎𝑥 is the leaf
area index maximum of the simulated crop.
The LAI limit and LAI max are constants input to VIC. The LAI limit was set to 0 while
the LAI Max was set to 5.0. There are twelve monthly LAI values in the vegetation
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parameter file that are adjusted to provide scenarios in which plant uptake rate values
could potentially be extended by simulating the establishment of polycultures.
A review of the literature was used to establish plant uptake rates constants for both
nitrate and soluble reactive phosphorus (SRP) (𝑘𝑁𝑢𝑝 , 𝑘𝑆𝑅𝑃𝑢𝑝 ) (d-1) (Weiss et al., 2006), as
described in Chapter 4.
3.2.2

Soil Sorption

Soil sorption is described by Tchobanoglous and Schroeder (1985) as the nonspecific
term to describe a contaminant accumulation. However, this a very important function of
wetland treatment systems, in which sorption processes retain influent nutrients and
enable chemical transformations during their storage process (Mitsch & Gosselink,
2007). This process is dependent on abiotic factors such as soil characteristics, soil
moisture, temperature, and pH (Tchobanoglous & Schroeder, 1985). When abiotic
factors are saturated or limited in performance due to conditions such as weak surface
interactions or hydrophobic effects, the result may lead to desorption. Desorption is a
processes which occurs when a sorbed substance is released from the soil particle
(Chapra, 1997). In this case it would be desorption of SRP from soil particles, in which
SRP is reintroduced into the water column causing an increase in effluent SRP
concentration. In order to capture these changes the reaction rate of sorption (𝑟𝑠 ) is
calculated as follows:

𝑟𝑠 = 𝑘𝑆𝑜𝑟𝑝/𝐷𝑒𝑠𝑜𝑟𝑝 ∗ 𝐻 ∗ 𝐴𝑠

(11)

Where the reaction rate for soil sorption(𝑟𝑠 ) is calculated with the volumetric rate
constant for sorption (𝑘𝑆𝑜𝑟𝑝 ) in (d-1) or using the volumetric rate constant for desorption
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(𝑘𝐷𝑒𝑠𝑜𝑟𝑝 ) in (d-1), the wetland depth (𝐻) is in (m), and the area (m2) of the wetland
occupied by sediment (𝐴𝑠 ).
The wetland depth (𝐻) in (m) and area of the wetland occupied by sediment (𝐴𝑠 ) in (m2)
are also variables predicted by the VIC model. The rate constant for sorption (𝑘𝑆𝑜𝑟𝑝 ) (d1

), desorption(𝑘𝐷𝑒𝑠𝑜𝑟𝑝 ) (d-1), and the background nutrient concentration (𝐶 ∗ ) in (g/m3) are

parameters that influence the reaction rate. The rate constants for sorption and desorption
are used interchangeably under specific conditions to simulate the sorption and
desorption processes.

𝑘𝑆𝑜𝑟𝑝 is used when the effluent SRP concentration from the

previous time step is greater than the background concentration. Whereas 𝑘𝐷𝑒𝑠𝑜𝑟𝑝 is used
when the effluent concentration from the previous time step is less than the background
concentration. The values were identified through literature review, as discussed in
Chapter 5 (Weiss et al., 2006).
3.2.3

Denitrification

One important process that wetlands naturally perform to reduce nitrate concentrations is
a process called dissimilatory nitrogenous oxide reduction or denitrification (Mitsch &
Gosselink, 2007). Denitrification is a common process within wetlands where nitrate is
reduced by facultative bacteria and under anaerobic conditions which convert nitrate to
nitrite, nitric oxide, nitrous oxide, and nitrogen gas. This process can be variable due to
external factors, but given consistent conditions a potential denitrification rate can be
captured, and used for model simulations. In the water quality algorithm the reaction
rate for denitrification (𝑟𝑛 ) is determined as follows (Tchobanoglous & Schroeder, 1985):
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𝑟𝑛 = 𝑘𝐷𝑒𝑛𝑖 𝜃 𝑇−20 ∗ 𝐻 ∗ 𝐴𝑠

(12)

Where the reaction rate for denitrification (𝑟𝑛 ) includes the volumetric rate constant
(𝑘𝐷𝑒𝑛𝑖 ) for denitrification, in (d-1), a dimensionless temperature rate coefficient (𝜃), the
water temperature (𝑇) in °C, the wetland depth (𝐻) in (m), and the area (m2) of the
wetland occupied by sediment (𝐴𝑠 ).
The water temperature is predicted by the VIC lake and wetland algorithm. Literature
reviews from related conditions were used to provide values for the
parameters 𝜃 𝑎𝑛𝑑 𝑘𝐷𝑒𝑛𝑖 (d-1).
3.3

Other Model Changes

In addition to the new water quality algorithm described in Section 3.2, the model set-up
and source code required additional changes from the model set-up of Chiu (2013). The
changes described in this section allow for more accurate representation of the simulated
current wetland conditions, as well as the ability to explore potential wetland
management options. Because much of the subsurface drained area that contributes
water to the wetland is outside of the topographic watershed, only drainage water from
parts of the Inlet A and B watersheds enters into the wetland. The model source code
was edited to represent the specific fractions of each flow path that contribute water to
the wetland, as summarized in Table 1.
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Table 1: Contributing watershed area to the Oak’s Wood wetland.
Sub-watershed

Sub-watershed
Area (km2)

Inlet A
Inlet B
Natural
Wetland

0.604 km2
0.126 km2
0.157 km2
0.002 km2

Area of sub-watershed that drains into the wetland
(% of sub-watershed area)
Surface Runoff Subsurface
Baseflow
Drainage
10%
100%
10%
95%
100%
95%
100%
0%
100%
100%
NA
100%

In addition, in the original model simulations by Chiu (2013) the contributing drainage
area was set incorrectly in the model input file, this was changed to 0.887 km2. The new
drainage was calculated by compiling the total area that drains into the wetland from Inlet
A, Inlet B, and the natural watershed area. The runoff fraction parameter in the lake
parameter input file, formerly set to 0.3, was no longer used by the model because of
these code changes.
Code changes were also required to simulate and experiment multiple management
options. First, to more accurately simulate inlet nitrate and SRP concentrations into the
wetland, a monthly varying inlet concentration was implemented into the source code.
This was completed by defining two new monthly variables and providing 12 mean
nitrate and SRP concentration values from observed data. After entering the mean nitrate
and SRP concentration values for each month the source code was then recompiled.
Another management option to be explored is the potential for water reuse and
subirrigation. The VIC model source code was modified to simulate the withdrawal of
water from the wetland used for irrigation. This was completed by defining a new
monthly-varying irrigation variable. Model inputs describe the rate of water withdrawal
each month in m3/hr. Irrigation withdrawals are extracted at the monthly average rate in
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each model time step. It is assumed that the irrigation water is applied outside of the
watershed boundaries.
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MODEL SET-UP

The VIC model as described in Chapter 3 is a large scale hydrologic model, and though it
is typically applied for regional simulations incorporating many watersheds, it also has
the ability to simulate individual watersheds as a single grid cell. Different areas of the
‘grid cell’ can be represented by different vegetation zones in this lumped approach,
including the lake and wetland delineation. Soil type is constant within all vegetation
zones of the grid cell, however. The cumulative runoff, baseflow, and drainflow from
each vegetation zone are integrated as influent to the defined lake or wetland area (Chiu,
2013). The encompassing information combined with meteorological data can be used
by the lake and wetland algorithm to calculate discharge from the lake or wetland outlet
(Chiu, 2013). The model set-up listed below describes the parameters used to provide the
simulated characteristics.
4.1

Vegetation Characterization

The grid cell for the model set-up was divided into four vegetation zones from the total
watershed area. This area was divided based on the percentage contribution of the
watershed areas to specific areas in the wetland and the defined areas are listed in Table
2. These areas were defined as Inlet A, Inlet B, the wetland area (consisting of wooded
and open water area) and the natural watershed.
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The natural watershed is the watershed area that does not contribute to either Inlet A or
Inlet B and is 16% of the watershed area as listed in Table 2. Inlet A is the watershed
area contributing to the associated inlet of the Oak’s Wood wetland as shown in Figure 2,
and is 68% of the watershed area. Inlet B is the watershed area contributing to its
adjoining inlet in the wetland as displayed in Figure 2, and comprises 15% of the
watershed area. The wetland area encompasses both the open water within the wetland
and the surrounding wooded area as one vegetation zone and consists of 1.5% of the
watershed area (Chiu, 2013).
The vegetation types associated with each vegetation zone are described in Table 2 along
with its associated drain spacing, drain depth, root depth, and root fraction. The wetland
area is described as an undrained deciduous broadleaf forest. Inlet A is simulated as corn
with a drain spacing of 20 m and drain depth of 1 m. Inlet B is simulated as soybeans,
also a drain spacing of 20 m and drain depth of 1 m. In reality, most of these areas
experience a corn-soybean rotation that alternates from year to year. The natural
watershed area is simulated as soybean with a drain spacing of 20 m and drain depth of 1
m.
Table 2: Vegetation characterization and delineation for watershed area contributing to
the Oak’s Wood wetland.
Vegetation
Zone
Vegetation
Type
Vegetation
Number
Area (%)
Drain spacing
(m)

Wetland Area

Inlet A

Inlet B

Deciduous
broadleaf
forest
1

Corn

Soybean

Natural
Watershed
Soybean

15

11

11

1.5
0.0

68
20.0

15
20.0

16
20.0
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Drain Depth
(m)
Root depth
(m) (layer 1)
Root depth
(m) (layer 2)
Root depth
(m) (layer 3)
Root fraction
(layer 1)
Root fraction
(layer 2)
Root fraction
(layer 3)

0.0

1.0

1.0

1.0

0.1

0.1

0.1

0.1

1.0

0.75

0.35

0.35

5.0

0.5

1.0

1.0

0.1

0.1

0.2

0.2

0.5

0.6

0.7

0.7

0.4

0.3

0.1

0.1

4.2

Soil Characteristics

The model set-up characterizes the soil within the entire watershed based on the soil type
from the Oak’s Wood wetland itself, which is the Milford (Mu) series. This series
includes silt loam, silty clay loam, and clay loams at soil depths of 0.1 m, 0.6 m and 1.3
m respectively (Sylvester, 2008). In addition to soil depth/soil thickness, 10 physical
constants are incorporated that are primarily estimated based on the soil texture. These
physical constants consist of soil layer thickness, saturated vertical conductivity, poresize index, the Brooks-Corey exponent, bubbling pressure, field capacity moisture,
wilting point moisture, residual moisture, particle density, and soil bulk density. These
constants stemmed from the soil texture and were either estimated or calculated using the
Brooks-Corey model (Chiu, 2013). Table 3 describes the soil profile used in the model
set-up.
Table 3: Soil characterization used for model set up based on the Milford series.
Soil profile
Soil type
Soil thickness (m)

Layer 1
Silt loam
0.1

Layer 2
Silty clay loam
0.6

Layer 3
Clay loam
1.3
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Saturated vertical
conductivity
Pore-size index
Exponent
Bubble pressure
Field Capacity
moisture
Wilting Point
moisture
Residual moisture
Porosity fraction
(cm3/cm3)
Particle density
Soil bulk density

163.2
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48

0.234
11.55
20.76
0.384

0.177
14.30
32.56
0.509

0.242
11.26
25.89
0.477

0.237

0.393

0.340

0.015
0.501

0.04
0.471

0.075
0.464

2685
1339.8

2685
1420.4

2685
1439.1

4.3

Meteorological Data

Observed meteorological data obtained from the Purdue Automated Station located at the
ACRE weather station contains hourly observed data that is used in the VIC model. The
observed data consists of precipitation, relative humidity, air temperature, and wind
speed. Incoming solar and longwave radiation are calculated internally to the VIC
model, based on the range in daily temperature, latitude and time of year (Thornton and
Running 1996). The weather used in VIC begins in 7/1/1996 and ends in 12/31/2012.
Missing precipitation data was estimated using observed data from the co-located
National Climatic Data Center (NCDC) weather station. Additional missing data was
estimated using VIC pre-processing algorithms (Chiu, 2013).
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WETLAND WATER QUALITY PARAMETERIZATION

5.1

Literature Review

The water quality algorithm introduced in Chapter 3 resulted in the addition of seven new
parameters to the model, representing: plant uptake, soil sorption, soil desorption,
background soil phosphorus concentration, denitrification, and the denitrification
temperature sensitivity, theta. In order to identify a range of acceptable values for each
parameter, a detailed literature review and lab experiments were performed. Table 4
summarizes the literature review performed and the values obtained for each parameter.
Using literature references, the denitrification parameter (𝑘𝐷𝑒𝑛𝑖 ) had a range in values
from 0.02-0.2- d-1 (Kadlec & Wallace, 2009; Jorgensen, 2011; Tanner et al., 1999). The
theta parameter (θ) had a range in values from 1.0-1.08 (Kadlec & Wallace, 2009; Mitsch
& Gosselink, Wetlands, 2007). Literature references pertaining to sorption (𝑘𝑆𝑜𝑟𝑝 ) range
from 0.004-0.052 d-1 (Bowie, et al., 1985; Weiss et al., 2006), while desorption
((𝑘𝑑𝑒𝑆𝑜𝑟𝑝 ) range from 0.005-0.068 d-1 (Chapra 1997) Plant uptake of nitrate (𝑘𝑁𝑢𝑝 ) had
a range from 0.06-0.41 d-1 (Gebremariam & Beutel, 2008; Li et al., 2013) while plant
uptake of orthophosphate (𝑘𝑆𝑅𝑃𝑢𝑝 ) had a range of literature values from 0.014-0.22 d-1
(Li et al., 2013; Weiss et al., 2006). The literature review of the background soil
concentration (𝐶 ∗ ) found a range of 0.00-11.0 g/m3 (Kadlec & Wallace, 2008; Mitsch &
Gosselink, Wetlands, 2007; Weiss et al., 2006).
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Table 4: Water quality algorithm parameters’ reported range from literature references
Literature

kDeni
(d-1)

kSorp kDesorp
(d-1) (d-1)
0.000
4
0.000
50.068

Bowie et al., 1985
Chapra, 1997

Gebremariam &
Beutel, 2008
Huan et al., 2014
Jorgensen, 2011
Kadlec & Wallace,
2009
Lie et al., 2013
Mitsch & Gosselink,
2007
Reed, 1991
Renzo, 1978
Weiss et al., 2006

kNup
(d-1)

kSRPup
(d-1)
0.22

𝑪∗
(ppm)

Thet
aθ

0.0011.0

1.01.08

0.21 0.3
0.0080.372
0.080.20
0.020.1
0.060.41

0.040.19
0.02
1.06

0.04
0.052

5.2

0.0140.018

0.0034
3

Sensitivity Analysis

A one-at-time (OAT) sensitivity analysis was performed on each new parameter
introduced as part of the water quality algorithm to better understand how the water
quality algorithm behaves within the lake and wetland component. The OAT sensitivity
analysis for this study analyzed the change in simulated mean nitrate and SRP
concentrations over a multi-year simulation period (1996 -2012) by adjusting each
parameter independently.
The analysis involved first setting an initial parameter value for all parameters, and then
adjusting each parameter one at a time and running a model simulation. After all
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simulations were complete equation (13) was used to analyze the sensitivity of the
parameter and to compare differences between parameters:
𝑆𝑟 =

𝑥 𝑦ℎ𝑖𝑔ℎ − 𝑦𝑙𝑜𝑤
∗|
|
𝑦 𝑥ℎ𝑖𝑔ℎ − 𝑥𝑙𝑜𝑤

(13)

Where x is the base parameter value, y is the predicted output value, 𝑥ℎ𝑖𝑔ℎ and 𝑥𝑙𝑜𝑤 are
the corresponding maximum and minimum parameter values and 𝑦ℎ𝑖𝑔ℎ and 𝑦𝑙𝑜𝑤 are the
output variable values corresponding to the maximum and minimum parameter values.
Table 5 shows the initial values selected for each parameter. In some cases the full range
of reported parameter values were not evaluated as identified through literature
references and lab experiments, because preliminary results revealed that simulated
values were unrealistic compared to observed concentrations. In addition, it is also
important to note that relative sensitivity values used in the analysis were all absolute
values for graphical purposes.

Table 5: Initial and range in parameter values selected based on literature references.
Parameters

Initial
values
Range of
Values

Nitrate SR
In
P In
mg/L
mg/
L
12
0.0
2
12
0.0
2

𝑘𝐷𝑒𝑛𝑖 𝑘𝑆𝑜𝑟𝑝
(d-1) (d-1)

𝑘𝐷𝑒𝑠𝑜𝑟𝑝 𝑘𝑁𝑢𝑝 𝑘𝑆𝑅𝑃𝑢𝑝 𝐶 ∗
(ppm)
(d-1)
(d-1) (d-1)

0.10

0.0005

0.21

0.10

0.001

1.06

0.0005
-0.068

0.06
0.41

0.040.22

0.001
-1.0

1.00
1.08

0.01

0.02- 0.0004
0.20 -0.052

𝜃
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In addition to the baseline simulation using the parameters shown in Table 5, fourteen
additional simulations were performed changing the parameter values between the range
of values, also summarized in Table 5.
The sensitivity analysis for simulated SRP concentration was performed analyzing the
parameters of sorption (𝑘𝑆𝑜𝑟𝑝 ), desorption (𝑘𝐷𝑒𝑠𝑜𝑟𝑝 ), plant uptake of SRP (𝑘𝑆𝑅𝑃𝑢𝑝 ), and
background soil concentration (𝐶 ∗ ). The results of the initial selected parameter values
revealed that 𝑘𝑆𝑅𝑃𝑢𝑝 had the highest sensitivity of the parameters with a relative
sensitivity value of 0.365, as shown in Table 6 and Figure 9. Whereas, 𝑘𝑆𝑜𝑟𝑝 was less
sensitive than 𝑘𝑆𝑅𝑃𝑢𝑝 with a value of 0.0243, and 𝑘𝐷𝑒𝑠𝑜𝑟𝑝 and 𝐶 ∗ had the lowest values
in descending order of 0.00502 and 0.00137 respectively.
Table 6: Result values for the OAT sensitivity analysis performed on parameters
associated with the SRP component of the water quality algorithm.
Rates
𝑘𝑆𝑜𝑟𝑝 = 0.0004
𝑘𝑆𝑜𝑟𝑝 = 0.01
𝑘𝑆𝑜𝑟𝑝 = 0.052
𝑘𝐷𝑒𝑠𝑜𝑟𝑝 = 0.0005
𝑘𝐷𝑒𝑠𝑜𝑟𝑝 = 0.001
𝑘𝐷𝑒𝑠𝑜𝑟𝑝 = 0.068
𝑘𝑆𝑅𝑃𝑢𝑝 = 0.04
𝑘𝑆𝑅𝑃𝑢𝑝 = 0.10
𝑘𝑆𝑅𝑃𝑢𝑝 = 0.22
𝐶 ∗ = 0.001
𝐶 ∗ = 0.05
𝐶 ∗ = 1.00

Mean SRP
Concentration (ppm)
0.00368674
0.00359886
0.00326682
0.00359886
0.00359889
0.00360531
0.00485011
0.00359886
0.00248644
0.00359886
0.00370218
0.00409116

Relative Sensitivity
0.00949
0.0243
0.139
0.000505
0.00101
0.0686
0.108
0.365
1.16
0.000137
0.00666
0.0969
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Relative Sensitivity of Mean SRP
Concentration

0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0

Initial Parameters
Ksorp=0.01

Desorp=0.0005

Ksrpup=0.10

C*=0.001

Figure 9: OAT sensitivity analysis of initial parameters values corresponding with SRP
concentration.

In order to explore any non-linearities in the relative sensitivity of these parameters at the
high and low end of their range, the base 𝑘𝑆𝑜𝑟𝑝 parameter value was adjusted from its
initial value of 0.01 d-1 by first decreasing to a value of 0.0004 d-1 and then increasing the
rate constant to 0.052 d-1 and recalculating equation (13) with the new x and y values.
Results in Figure 10 show that when the 𝑘𝑆𝑜𝑟𝑝 parameter value was decreased by two
orders of magnitude the sensitivity value was decreased. Similarly, when the 𝑘𝑆𝑜𝑟𝑝
parameter value was increased, the relative sensitivity also increased.
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0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0
Sorption
Ksorp=0.0004

Ksorp 0.01

Ksorp 0.052

Figure 10: Relative sensitivity of 𝑘𝑆𝑜𝑟𝑝 with the rate constant ranging from 0.0004 d-1 to
0.052 d-1.

The sensitivity analysis of 𝑘𝐷𝑒𝑠𝑜𝑟𝑝 entailed an increase of the parameter value from the
initial set value of 0.0005 d-1. The parameter was first increased to a value of 0.001 d-1
and then increased again to 0.068 d-1. The results of the analysis are listed in Table 6 and
displayed in Figure 11. When 𝑘𝐷𝑒𝑠𝑜𝑟𝑝 was increased the result was an increase in
relative sensitivity which also resulted into a slight increase in the mean effluent SRP
concentration. When the parameter value was increased by an order of magnitude to
0.068 d-1 the outcome was a greater increase in relative sensitivity along with an increase
in the mean effluent SRP concentration as shown in Figure 11 and Table 6.

Relative Sensitivity of Mean SRP Concentration
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0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0
Desorption
Kdesorp=0.0005

Kdesorp=0.001

Kdesorp=0.068

Figure 11: Relative sensitivity of 𝑘𝐷𝑒𝑠𝑜𝑟𝑝 where the rate constant ranges from 0.0005 d-1
to 0.068 d-1.

The sensitivity analysis of 𝑘𝑆𝑅𝑃𝑢𝑝 consisted of both increasing and decreasing the
parameter value from its initial setting of 0.10 d-1. The parameter was first decreased to a
value of 0.04 d-1 and then increased to a value of 0.22 d-1, as shown in Figure 12. The
results of the analysis revealed that when the 𝑘𝑆𝑅𝑃𝑢𝑝 parameter value was decreased the
sensitivity value also decreased but still had influence on the influent SRP concentration
even with a reduction in the rate constant by an order of magnitude. In addition, when
the parameter value was increased to 0.22 d-1 the parameter reached the highest
sensitivity value of all parameters with a value of 1.16 and the lowest mean effluent SRP
concentration as shown in Figure 12 and Table 6.
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Relative Sensitivity of Mean SRP Concentration

1.4

1.2

1

0.8

0.6

0.4

0.2

0
SRP Plant Uptake
Ksrpup 0.04

Ksrpup 0.10

Ksrpup 0.22

Figure 12: Relative sensitivity of 𝑘𝑆𝑅𝑃𝑢𝑝 where the rate constant ranges from 0.04 d-1 to
0.22 d-1.

The last SRP concentration parameter to be analyzed was 𝐶 ∗ . The 𝐶 ∗ parameter value
was adjusted from the initial parameter value of 0.001 ppm. The parameter was first
increased from 0.001 ppm to 0.05 ppm, and increased again from 0.05 ppm to 1.00 ppm.
The results of the sensitivity analysis are shown in Table 6 and Figure 13. The analysis
results revealed that as 𝐶 ∗ is increased the result is an increase in the relative sensitivity
value. In addition when the parameter value is decreased the relative sensitivity becomes
less sensitive.
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0.12
0.1
0.08
0.06
0.04
0.02
0
Background Soil Concentration
C*=0.001

C* 0.05

C*=1.00

Figure 13: Relative sensitivity of 𝐶 ∗ where the rate constant ranges from 0.05 ppm to
1.00 ppm.

The sensitivity analysis for the nitrate concentration algorithm was performed analyzing
the parameters of denitrification (𝑘𝐷𝑒𝑛𝑖 ), plant uptake of nitrate (𝑘𝑁𝑢𝑝 ), and theta (𝜃).
The OAT sensitivity analysis entailed setting all nitrate parameters to initial values as
shown in Table 9, and adjusting the parameter values and analyzing their results by OAT
sensitivity analysis. Results are shown in Table 7. The sensitivity results of the initial
parameter values are shown in Figure 14. The results of the selected initial parameters
show that 𝜃 has the highest sensitivity value with a value of 0.145, 𝑘𝐷𝑒𝑛𝑖 had the second
highest sensitivity value of 0.0182, and 𝑘𝑁𝑢𝑝 had the lowest sensitivity value of 0.00338.
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Table 7: Result values for the OAT sensitivity analysis performed on parameters
associated with the nitrate component of the water quality algorithm.
Rates

Relative Sensitivity of Mean Nitrate
Concentration

𝑘𝐷𝑒𝑛𝑖 = 0.02
𝑘𝐷𝑒𝑛𝑖 = 0.10
𝑘𝐷𝑒𝑛𝑖 = 0.20
𝑘𝑁𝑢𝑝 = 0.06
𝑘𝑁𝑢𝑝 = 0.21
𝑘𝑁𝑢𝑝 = 0.41
𝜃 = 1.00
𝜃 = 1.06
𝜃 = 1.08

Mean Nitrate
Concentration (ppm)
Mean= 1.88
Mean= 1.83
Mean= 1.82
Mean= 1.84
Mean= 1.83
Mean= 1.83
Mean= 1.82
Mean= 1.83
Mean= 1.84

Relative Sensitivity
0.00355
0.0182
0.0366
0.000932
0.00328
0.00640
0.137
0.145
0.147

0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0
Initial Parameters
Kdeni=0.10

Knup=0.21

Theta=1.06

Figure 14: OAT sensitivity of initial parameters values corresponding to the nitrate
concentration algorithm.

In order to explore any non-linearities in the 𝑘𝐷𝑒𝑛𝑖 parameter involved first decreasing
and then increasing the parameter from its initial set value of 0.10 d-1. Figure 15 displays
the results when 𝑘𝐷𝑒𝑛𝑖 is decreased from 0.10 d-1 to 0.02 d-1. This figure shows that
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although the rate is decreased, it still remains more sensitive than 𝑘𝑁𝑢𝑝 , but it is still less
than 𝜃 comparing values as listed in Table 7.

When the parameter value is increased

from 0.10 d-1 to 0.20 d-1 the sensitivity value also doubles, yet the parameter still remains
below the 𝜃 sensitivity value.
0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005
0
Denitrification
Kdeni 0.02

Kdeni 0.10

Kdeni 0.20

Figure 15: Relative sensitivity of 𝑘𝐷𝑒𝑛𝑖 where the rate constant ranges from 0.02 d-1 to
0.20 d-1.

Through the OAT sensitivity analysis of 𝑘𝑁𝑢𝑝 , the initial parameter of 0.21 d-1 was
adjusted by decreasing and increasing the rate constant to 0.06 d-1 and 0.41d-1,
respectively. The results of the analysis are displayed in Figure 16. The results reveal
that a decrease of the parameter value by an order of magnitude will also decrease the
sensitivity by an order of magnitude. However, when the rate constant is increased by
nearly double, the sensitivity value doubles, yet still remains below the initial set
parameters of 𝑘𝐷𝑒𝑛𝑖 (0.10 d-1) and 𝜃(1.06) as listed in Table 7.
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Figure 16: Relative sensitivity of 𝑘𝑁𝑢𝑝 where the rate constant ranges from 0.06 d-1 to
0.41 d-1.

The final nitrate concentration parameter to be analyzed was 𝜃. The parameter was first
decreased from 1.06 to 1.00 as shown in Figure 17. This figure shows that although the
parameter was decreased, 𝜃 still maintained a higher sensitivity value that both 𝑘𝐷𝑒𝑛𝑖
and 𝑘𝑁𝑢𝑝 . When the parameter was then increased from 1.06 to 1.08, the parameter had
very similar sensitivity, indicating a linear relationship.

55

Relative Sensitivity of Mean Nitrate
Concentration

0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0
Theta
Theta 1.00

Theta 1.06

Theta 1.08

Figure 17: Relative sensitivity of 𝜃 where the parameter ranges from 1.00 to 1.08.

The results of the sensitivity analysis reflect the parameters placement within its
associated equation of the water quality algorithms SRP (equation (4)) and nitrate
(equation (7)) component. For the SRP component the placement of 𝑘𝑆𝑅𝑃𝑢𝑝 is in the
denominator of the concentration equilibrium (𝐶𝑒 ) term, as well as in the exponential
term. The sensitivity analysis revealed that as the value of 𝑘𝑆𝑅𝑃𝑢𝑝 increases, the result is
an increase in the (inverse) exponential value which in return will reduce the value of
𝐶𝑡𝑖𝑚𝑒𝑠𝑡𝑒𝑝_𝑒𝑛𝑑 (SRP concentration). However, for 𝐶 ∗ , 𝑘𝑆𝑜𝑟𝑝 , and 𝑘𝐷𝑒𝑠𝑜𝑟𝑝 , their
corresponding parameter placement within the 𝐶𝑒 and the non-steady state equation is
more complex. The 𝑘𝑆𝑜𝑟𝑝 and 𝑘𝐷𝑒𝑠𝑜𝑟𝑝 parameter are exchangeable in the 𝐶𝑒 term and
equation (4) under the following conditions. When the SRP concentration is greater
than 𝐶 ∗ from the previous time step 𝑘𝑆𝑜𝑟𝑝 is used, while when the SRP concentration is
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less than 𝐶 ∗ from the previous time step 𝑘𝐷𝑒𝑠𝑜𝑟𝑝 is used. The usage of either parameter
is a balancing mechanism with the parameter’s placement in the numerator and
denominator of the 𝐶𝑒 , and in the exponential term causing their parameter value to have
a different impact on 𝐶𝑡𝑖𝑚𝑒𝑠𝑡𝑒𝑝_𝑒𝑛𝑑 . For instance, an increase in the value of 𝑘𝑆𝑜𝑟𝑝 results
in a decrease in the effluent SRP concentration. However, when the value of 𝑘𝐷𝑒𝑠𝑜𝑟𝑝 is
also increased the outcome is an increase in the effluent SRP concentration. As shown in
equation 3; 𝐶 ∗ is only calculated within the numerator of the 𝐶𝑒 . When 𝐶 ∗ increases,
desorption is favored; the value of the 𝐶𝑒 also increases and as a result increases the value
of 𝐶𝑡𝑖𝑚𝑒𝑠𝑡𝑒𝑝_𝑒𝑛𝑑 . In addition, when the value of 𝐶 ∗ decreases the result is a decrease in
the 𝐶𝑒 , which in return causes a decrease in the value of 𝐶𝑡𝑖𝑚𝑒𝑠𝑡𝑒𝑝_𝑒𝑛𝑑 .
For the nitrate component 𝑘𝑁𝑢𝑝 and 𝑘𝐷𝑒𝑛𝑖 have similar placement within equation 10. As
a result their associated parameters behave similarly when the varying rate constants are
increased and decreased. When 𝑘𝑁𝑢𝑝 and 𝑘𝐷𝑒𝑛𝑖 values are increased the effect is an
increase in the exponential value which then generates a decrease in value of
𝐶𝑡𝑖𝑚𝑒𝑠𝑡𝑒𝑝_𝑒𝑛𝑑 (nitrate concentration).
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EVALUATION OF WETLAND MANAGEMENT OPTIONS

When considering the implementation or revitalization of a wetland it is important to first
understand that there is no “best practice” but multiple approaches to consider in order to
enhance nutrient processing for the wetland area (Reeds et al., 1995). These multiple
approaches can also be described as management options, and the VIC model can be used
to further explore wetland management options for wetlands such as the Oak’s Wood
wetland. The management options considered for the Oak’s Wood wetland take into
account not only the natural wetlands characteristics, for instance soil type, wetland
vegetation, and inundation period to name a few, but also the wetland’s surrounding
environment as characterized by precipitation, runoff, and temperature. These internal
and external characteristics are reflected in the VIC model and three management options
have been examined, including: 1) planting polycultures in order to extend seasonal
uptake rates, 2) increasing water storage and retention time, and 3) reusing stored water
for irrigation. For each management option, the potential impact of its implementation
will be analyzed by quantifying and comparing changes of effluent nutrient load, wetland
nutrient concentration, and wetland hydrology.
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Prior to the examination of management options a baseline was first developed. The
baseline was used to simulate current wetland conditions in order to analyze and compare
the potential effects of the implemented management options.
6.1

Model Calibration and Evaluation

The VIC model was evaluated for its ability to represent current conditions in three
phases. In phase 1, the upland hydrology (drained cropland) was evaluated using
observations of drainage inflow to the wetland through Inlets A and B. In phase 2, the
wetland hydrology was evaluated using observation of wetland outlet discharge. Finally,
the new parameters used in the sensitivity analysis were calibrated using observed nitrate
and SRP concentrations collected from the outlet of the Oak’s Wood Wetland.
The Nash-Sutcliffe efficiency (NSE) is a form of normalized statistical analysis that
determines the residual variance as compared to the measured data (Moriasi et al., 2007).
In terms of linearity NSE specifies how well the plot of observed data as compared to
simulated data fit a 1:1 ratio on the line. Equation (14) portrays how the NSE is
calculated. Values of NSE range from -∞ to 1.0, in which values from 0 to 1.0 are
considered acceptable and 1.0 is the optimum value. Negative NSE values are
considered unacceptable (Moriasi et al., 2007).

𝑁𝑆𝐸 = 1 − [

∑𝑛𝑖=1(𝑌𝑖𝑜𝑏𝑠 − 𝑌𝑖𝑠𝑖𝑚 )2
]
∑𝑛𝑖=1(𝑌𝑖𝑜𝑏𝑠 − 𝑌𝑖𝑚𝑒𝑎𝑛 )2

(14)

Where (𝑌𝑖𝑜𝑏𝑠 ) is the ith observed nitrate and orthophosphate concentration or discharge
value, (𝑌𝑖𝑠𝑖𝑚 ) is the ith simulated nitrate and SRP concentration or discharge value, and
( 𝑌𝑖𝑚𝑒𝑎𝑛 ) is the mean of the observed data of nitrate, SRP or discharge.
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The other calculation being used for model evaluation is percent bias (PBIAS). PBIAS
uses the observed and simulated data to measure the average tendency of the simulated
data to vary from the observed data and is shown as a percent as shown in equation (15).
This variation can be either positive or negative, which indicates the biases of the model
simulation. If the PBIAS is negative the value selected for the parameter results in an
over prediction of the simulated output. Low PBIAS values indicate less bias in the
simulated output, with a value of 0.0 being the optimum value which indicates no bias.
∑𝑛𝑖=1(𝑌𝑖𝑜𝑏𝑠 − 𝑌𝑖𝑠𝑖𝑚 ) ∗ (100)
𝑃𝐵𝐼𝐴𝑆 = [
]
∑𝑛𝑖=1(𝑌𝑖𝑜𝑏𝑠 )

(15)

Where (𝑌𝑖𝑜𝑏𝑠 ) is the ith observed nitrate or SRP concentration or discharge value, (𝑌𝑖𝑠𝑖𝑚 )
is the ith simulated nitrate or SRP concentration, or discharge value.
Since the water quality data was collected by weekly grab samples, in order to properly
perform the evaluation, the dates in which observed data was collected were extracted
from the model simulation. Monthly averages were calculated from these extracted data
for comparison by calculating the percent bias and Nash-Sutcliffe efficiency. Similarly,
only periods with no missing discharge data were used in the calculation of the monthly
NSE and PBIAS metrics.
In order to appropriately calibrate the hydrology a set of parameters were adjusted for the
inlet and outlet to correlate with observed data. These parameters were located in the soil
parameter file and lake parameter file, and their adjustments are listed in Table 8.
Changes were made to the soil parameters to increase infiltration and baseflow. This was
completed by reducing the following: soil depth, infiltration (bi), the start of non-linear
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baseflow (Ds), and bubbling pressure. The damping depth (dp) and maximum baseflow
velocity (Dsmax) were then increased in the soil parameter file. Finally in the lake
parameter file the width of the wetland (wfrac) and the weir height (min_depth) were
adjusted to fit observed data as listed in Table 8. The observed data used to calculate the
annual NSE and PBIAS for inlet and outlet discharge was from 2008 to 2012. The
results of the discharge NSE and PBIAS are listed in Table 9. The table shows that the
inlet and outlet had overall NSE values of 0.000019 and 0.000586 respectively. The NSE
value is low, but still considered within the range of acceptable values. The overall
results of the PBIAS calculated a value of -0.425% and 2.37 % for the inlet and outlet
respectively. The inlet PBIAS value is negative and low, representing a good PBIAS.
The negative value represent a small overestimation of the simulated discharge as
compared to the observed discharge, but is considered a good PBIAS value showing low
bias. The outlet PBIAS value is positive and low, representing a small underestimation of
the simulated data compared to the observed data, and this value is also considered a
good PBIAS value with low bias.
Table 8: Adjusted parameter values used for hydrology calibration.
Parameter

Value

Soil
depth
(m)
0.1,
0.8

bi
(NA)
0.000
1

Ds
(frac
tion)
0.00
1

Dsmax
(mm/d)
1.0

Bubbling
pressure
(cm)
5

Dp
(m)

wfrac min_dept
(NA) h (m)

20

0.000 0.05
05

Table 9: Overall NSE and PBIAS for inlet and outlet discharge from 2008 to 2012.
Location

Year

Inlet
Outlet

2008-2012
2008-2012

n=number of
observations
54
49

Discharge NSE
0.000019
0.000586

Discharge
PBIAS (%)
-0.425
2.37

61

Figure 18: Model simulation of calibrated parameters, which shows comparisons of
observed and simulated discharge at the Inlet and Outlet in (m3/s).

62
Evaluation of the VIC model’s ability to simulate wetland nutrient concentrations is
limited by the fact that the model does not predict the nitrate and SRP concentrations in
the inlet tile drainage. Instead, the model simulates tile drainage volume, but the
concentration is assumed to follow a fixed mean monthly pattern based on observed
concentrations. The observed data used to calculate inlet concentrations and NSE and
PBIAS for predicted nitrate and SRP at the outlet was from 2007 to 2011. As a result a
total NSE and PBIAS was performed for the best set of parameters as shown in Table 10
with results in Table 12. The results for the nitrate NSE calculated a value of -1.53 which
indicates an unacceptable value. The results of the nitrate PBIAS analysis calculated a
value of 63.7%. This is considered a high PBIAS value which provides insight that the
VIC model is underestimating the nitrate concentration as compared to the observed data
during the course of four years.
The results of SRP NSE analysis showed calculated a value of -0.49. Though the value
was negative and considered an unacceptable value, the calculated NSE was better than
the NSE of nitrate. The results of the SRP PBIAS analysis calculated a value of 59.4 %.
The PBIAS value is also considered high, and shows the VIC model is underestimating
the SRP concentration as compared to the observed data.
Table 10: Best fit values for parameters water quality algorithm
Parameter

Value

𝐶𝑖𝑛

𝐶𝑖𝑛

Nitrate
(ppm)
Monthly
varying

SRP
(ppm)
Monthly
varying

𝑘𝐷𝑒𝑛𝑖
(d-1)

𝑘𝑆𝑜𝑟𝑝
(d-1)

𝑘𝐷𝑒𝑠𝑜𝑟𝑝
(d-1)

0.00001

0.001

0.0008

𝑘𝑁𝑢𝑝
(d-1)
0.05

𝑘𝑆𝑅𝑃𝑢𝑝
(d-1)

𝐶∗
(ppm)

0.005

0.05

𝜃

1.06
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Table 11: Monthly varying nitrate and SRP concentration values for water quality
algorithm 𝐶𝑖𝑛 parameters.
Month
January
February
March
April
May
June
July
August
September
October
November
December

Varying Nitrate value (ppm)
10.0
10.0
12.0
13.0
20.0
12.0
10.0
7.0
8.0
4.0
12.0
9.0

Varying SRP value (ppm)
0.01
0.02
0.02
0.002
0.01
0.01
0.02
0.20
0.02
0.01
0.02
0.04

Table 12: Overall NSE and PBIAS for nitrate and SRP concentrations.
Year

2007-2011

n=number
of
observations
142

Nitrate NSE

Nitrate PBIAS
(%)

SRP NSE

SRP PBIAS
(%)

-1.53

63.7

-0.49

59.4
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Figure 19: Model simulation of calibrated parameters, which shows comparisons of
observed and simulated data.

Though both nitrate and SRP NSE values were negative and the PBIAS values were high,
this does not mean that the VIC model is not an appropriate tool to be used to evaluate
management options. The statistical analysis is a reflection of the models absence of
available parameters and observed data; primarily the models inability to simulate daily
inlet nitrate and SRP concentration, and instead the usage of monthly mean inlet nitrate
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and SRP concentrations. This sequentially shows a reduction in precision when
simulating effluent nitrate and SRP concentrations daily. However, these are also tools
that can be enhanced. Figure 19 does provide information that the VIC model overall
does accurately simulate conditions occurring within the wetland, and that the results are
within the same order of magnitude, which is why the addition of the water quality
algorithm it is an appropriate tool that can be used to analyze different management
options.

6.2

Management Option 1: Seasonal Variation

Wetland management has the ability to provide multiple services such as nutrient
reduction as well as habitat restoration. In order to provide both services efficiently,
systems are typically designed with a diversity of vegetation species also termed
polycultures. These polycultures provide water treatment capabilities along with food
and nesting areas for birds and aquatic animals creating a healthy habitat.
As mentioned in Chapter 2, the Oak’s Wood wetland primarily consists of a monoculture,
where natural species are unable to compete with the invasive species reed canary grass
(Phalaris arundinacea L.). The domino effect of this monoculture can be seen in the
decline in both the water quality and surrounding habitat. Observed data has displayed
these inefficiencies through the wetlands absence to consistently reduce both nitrate and
orthophosphate concentrations throughout the year. In order to reduce nitrate and
orthophosphate concentrations consistently as well as restore a healthy habitat, the first
management option to be explored using VIC will be the reestablishment of polycultures,
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thereby extending the seasonal plant uptake rate of both nitrate and orthophosphate
concentrations.
While working with natural processes such as polycultures to reduce nutrient
concentrations, it is important to consider seasonal cycles when making wetland
management decisions. As seasons change so do reaction rates which affects nutrient
removal (Tchobanoglous & Schroeder, 1985). In the temperate zone nutrient uptake by
vegetation is at its highest during moderate temperatures in the spring. During the fall
season nutrients are released due to senescence which also occurs at moderate
temperatures (Kadlec & Wallace, 2009). During winter periods microbial processes are
at an extensively slower rate due to a decrease in temperature. In addition, the
surrounding vegetation goes into a dormant state resulting in reductions in plant uptake
(Kadlec et al., 2012).
In order to evaluate the benefits of incorporating different vegetation types, it is important
to represent each parameter’s rate reaction that is affected by seasonal changes in order to
create more accurate simulations. The book Ten States Standards acknowledges
temperature dependence by recommending reaction rate values based on the given
temperature, where a reaction rate of 0.138 d-1 and 0.276 d-1 are used for temperatures at
1°C and 20°C respectively. However, these reaction rates are not process specific, and as
a result may not simulate a process such as plant uptake properly. In addition, previous
research has shown that the reaction rates of similar constituents such as nutrients are not
all temperature dependent. Research conducted by Kadlec et al. (2012) found that
phosphorus removal did not follow a sinusoidal trend model, as was seen with nitrogen
removal. In order to simulate these differences more accurately, Kadlec et al. (2012)
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incorporated seasonal dependent growth rate coefficients for each month for both total
phosphorus and total nitrogen.
The baseline simulation described in Section 6.1 simulates current wetland conditions as
being a deciduous broadleaf forest, the dominant vegetation in the interconnected upland.
As discussed in Chapter 2 the wetland proper is occupied by reed canary grass, which is a
cool season grass that is active during the spring and fall. However, the model is
currently unable to simulate both vegetation types. As a result, the baseline simulation
will be used along with the LAI values associated with reed canary grass throughout the
different scenarios for analyzing and comparing the potential effects of establishing
wetland polycultures. Four experimental simulations will be performed by altering the
wetland vegetation’s plant uptake parameters (𝑘𝑁𝑢𝑝 𝑘𝑆𝑅𝑃𝑢𝑝 ) by adjusting the leaf area
index (LAI), as summarized in Table 13. By adjusting the LAI a monthly plant uptake
rate (𝑘𝑗) will be incorporated providing realistic seasonal variation instead of one rate
constant for plant uptake. Table 13 displays the values used to quantify (𝑘𝑗).
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Table 13: Management Option 1 simulations and the corresponding values used to
calculate monthly plant uptake rates (𝑘𝑗) for both nitrate and SRP.
Parameter

Baseline
(with
cool
season
grass)

Simulation
1 (warm
season
grass)

Simulation
2 (warm &
cool season
grass)

𝑘𝑁𝑢𝑝
𝑘𝑆𝑅𝑃𝑢𝑝
𝐿𝐴𝐼𝑙𝑖𝑚𝑖𝑡
𝐿𝐴𝐼𝑚𝑎𝑥
𝐿𝐴𝐼 𝐽𝑎𝑛𝑢𝑎𝑟𝑦
𝐿𝐴𝐼 𝐹𝑒𝑏𝑟𝑢𝑎𝑟𝑦
𝐿𝐴𝐼 𝑀𝑎𝑟𝑐ℎ
𝐿𝐴𝐼 𝐴𝑝𝑟𝑖𝑙
𝐿𝐴𝐼 𝑀𝑎𝑦
𝐿𝐴𝐼 𝐽𝑢𝑛𝑒
𝐿𝐴𝐼 𝐽𝑢𝑙𝑦
𝐿𝐴𝐼 𝐴𝑢𝑔𝑢𝑠𝑡
𝐿𝐴𝐼 𝑆𝑒𝑝𝑡𝑒𝑚𝑏𝑒𝑟
𝐿𝐴𝐼 𝑂𝑐𝑡𝑜𝑏𝑒𝑟
𝐿𝐴𝐼 𝑁𝑜𝑣𝑒𝑚𝑏𝑒𝑟
𝐿𝐴𝐼 𝐷𝑒𝑐𝑒𝑚𝑏𝑒𝑟

0.30
0.15
0
5
0.50
0.80
2.00
3.00
2.68
0.70
0.90
1.00
2.75
2.00
1.00
0.90

0.30
0.15
0
5
0.5
0.8
1.00
2.00
3.00
4.00
5.00
4.00
2.00
1.00
0.90
0.70

0.30
0.15
0
5
0.5
0.8
2.00
3.00
3.00
4.00
5.00
4.00
2.75
2.00
1.00
0.90

Simulation
3 (warm &
cool season
grass with
increased
𝒌𝑺𝑹𝑷𝒖𝒑 rate
0.30
0.19
0
5
0.5
0.8
2.00
3.00
3.00
4.00
5.00
4.00
2.75
2.00
1.00
0.90

The first simulation entailed a scenario where the cool season grass was completely
removed and replaced with a warm season grass. The warm season grass has its highest
LAI values during the months of June to August as shown in Table 13. This scenario was
selected to analyze the differences between cool season grasses and warm season grasses,
and determine the potential for warm season grasses to have a more positive impact of
nutrient reduction if there was nutrient uptake by warm season grasses during the months
of June to August. The second simulation was a scenario with the establishment of both
warm season and cool season grasses. This scenario was used to analyze the wetlands
potential to be able to extend the plant uptake from spring to fall. The LAI values for the
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second simulation will be a combination of cool season and warm season LAI values as
shown in Table 13. The third simulation involved a scenario where a specific type of
vegetation was planted in order to specifically decrease SRP concentration. This
vegetation is the Iris pseudacorus L. (paleyellow iris), which has been used in a previous
research to study its effect on phosphorus reduction (Li et al., 2013). The research
conducted by Li et al. (2013) quantified an orthophosphate plant uptake value of 0.19 d-1.
This value will be used as the 𝑘𝑆𝑅𝑃𝑢𝑝 parameter value for the third simulation along with
the cool and warm season LAI values as described for simulation two and listed in Table
13.
6.3

Management Option 2: Water Storage

During periods when natural processes are in senescence or dormant stages inhibit
nutrient uptake, the potential for wetlands to act as a source of nutrient pollution rather
than a sink increases. Research conducted by Kadlec and Reddy (2001) revealed that
winter rate constants can decline from one tenth to one third of the summer rate constants
for ammonia and phosphorus respectively. Similar conditions currently occur in the
Oak’s Wood wetland where the wetland acts as a source of nutrient pollution rather than
a sink. As previously discussed in Chapter 2, spring and winter are reoccurring seasonal
periods where the wetland needs assistance at retaining the nutrient load when plant
uptake is not efficient.
Considering water storage techniques can prevent wetlands from acting as a source of
nutrient pollution and maintain them as a sink. A water control structure can be
implemented to reduce the effluent load while raising the water level to a specified level.
The implementation of a water control structure decreases the effluent loading rate
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(Kadlec & Wallace, 2009). Water storage was simulated in VIC as the second
management technique by adjusting the weir level, and comparing the effluent loading
rate. The model experiment was performed by adjusting the weir height (min_depth)
located in the lake parameter file to three different levels as listed in Table 14. The
baseline was set at a weir height of 0.05 m (2 inches). For the first scenario the weir was
elevated to a height of 0.30 m. The second simulation was adjusted to 0.60 m. The third
simulation was raised to a weir height of 1.0 m. The fourth and final simulation will
entail the raising of the water level to 0.60 m, and evaluating the changes in nitrate and
SRP concentration with the establishment of warm and cool season grasses as performed
in the second simulation of Management Option 1. This experiment will be used to see if
a specific water level is needed to help with the process of plant uptake and reduce
effluent nutrient concentrations.
Table 14: Weir height and water quality parameters used for Management Option 2
Parameter
Weir height
(m)

6.4

Baseline
0.05

Simulation 1 Simulation 2 Simulation Simulation
3
4
0.30
0.60
1.0
0.60

Management Option 3: Water Storage and Reuse for Irrigation

Exploring methods of water management is becoming more important as climate change
affects water availability. Western states have already experienced the effects of drought
forcing the implementation of new water conservation and reuse methods. Previous
research methods have examined zero discharge, in which water is retained within the
wetland and percolates to the groundwater or is lost through evapotranspiration.
Nutrient/Sediment Control Systems (NSCS) are another management technique that have
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been used by the Natural Resources Conservation Service to reduce nonpoint source
pollution from agricultural runoff. These systems incorporate a wet meadow, marsh, and
a pond in series (Reed et al., 2014). Though these systems have proven to yield positive
results, cost and benefit analysis must be considered when looking at construction and
potential loss of land from production.
With water availability becoming an increasing issue, it may be beneficial to explore
methods where the excess nutrient load could be retained and reapplied as irrigation
when needed. The third management option explores this waster reuse and conservation
method. This experiment was performed by retaining water using a raised weir height as
completed in the second management option. However, this management option will
expand on the previous management option by quantifying the amount of water that can
theoretically be pumped from the wetland for irrigation purposes while maintaining a
wetland environment. The aforementioned will be carried out by simulating the monthly
removal of nutrient rich water for irrigation during months of low precipitation through
the summer season. In the Midwest at times 0.25 inches per acre per day are used for
crops during the growing season (Kelley, 2015). Irrigating up to five times a month
would equate to 1.3 inches per acre per month Three experimental simulations were
performed analyzing the monthly water withdraw from the wetland during the summer
months of June to August, and applying 1.3 inches per month of water to irrigate crop
fields of varying sizes.
The first simulation will entail pumping water from the wetland and applying 1.3
inches/month of water to a 20 acre field during the months of June to August. The
second simulation will consist of applying 1.3 inches/month of water to a 40 acre field
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from June to August. The third and final simulation will involve pumping water from the
wetland and applying 1.3 inches/month of water to an 80 acre field during the months of
June through August. Table 15 illustrates the hourly pumping rate which will be used in
the VIC model to simulate the withdraw required to apply 1.3 inches of water for each
field size.
Table 15: Management Option 3 and monthly withdraw values (m3/month) for irrigation.
Month
June
July
August

Simulation 1 (m3/hr)
3.77
3.77
3.77

Simulation 2 (m3/hr)
7.54
7.54
7.54

Simulation 3 (m3/hr)
15.1
15.1
15.1
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RESULTS OF MANAGEMENT OPTIONS

7.1

Results of Management Option 1

The objective of the first management option was to explore alternative methods of
wetland plant establishment by using the VIC model to simulate varying wetland plant
implementations, and analyzing the potential to increase plant uptake during seasonal
periods of low plant uptake. The results of the established baseline and four simulation
experiments are listed in Table 16. The baseline simulation shown in Figure 20 for a
portion of the simulated time period represents a cool season grass monoculture with
mean effluent nitrate and SRP concentrations of 2.02 ppm and 7.46 ppb, respectively.
The entire time period for all scenarios is shown in Figure 21. Simulation 1 represents the
implementation of a warm season grass. The results of the simulation showed no change
in mean nitrate concentration with a value of 2.02 ppm, while SRP experienced a
decrease in concentration with a value of 7.22 ppb. The simulation results of load
revealed an increase in simulated nitrate load of 1.63%, while SRP had a minor reduction
in load of 0.02%. The cumulative differences in load are shown in Figures 22.
Simulation 2 represented warm and cool season grasses. The results of the simulation
showed an increase in nitrate concentration, but a decrease in SRP concentrations with
values of 2.03 ppm and 7.15 ppb, respectively. Load results of the simulation showed an
increase in nitrate load of 0.81%, while SRP showed a reduction in load of 0.20%.
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Simulation 3 represented warm and cool season grasses as well, and had the same LAI
values as Simulation 2. However, Simulation 3 had a higher 𝑘𝑆𝑅𝑃𝑢𝑝 value used to
simulate the implementation of Iris pseudacorus L. (paleyellow iris). The result of the
higher 𝑘𝑆𝑅𝑃𝑢𝑝 value can be seen in Table 16 and Figure 20 which shows lower mean
effluent SRP concentrations as compared to all other simulations with a value of 2.72
ppb. In addition, Simulation 3 had a decrease in SRP load by 47.1%, which
outperformed all simulations in the scenario, as displayed in Figure 22.
Table 16: Results of Management Option 1 and the effects of incorporating seasonal
variation in vegetation into the VIC model.
Simulation

Mean
Nitrate
Concentra
tion
(ppm)

Average
Annual
Cumulative
Nitrate
Load
(kg/yr)

Baseline
Simulatio
n1
Simulatio
n2
Simulatio
n3

2.02
2.02

1,760
1,790

2.03
2.03

Change in
Nitrate
Load (%)

Mean SRP
Concentrati
on (ppb)

Average
Annual
Cumulative
SRP Load
(kg/yr)

Change in
SRP Load
(%)

1.63

7.46
7.22

5.00
5.00

-0.02

1,770

0.81

7.15

4.99

-0.20

1,770

0.81

2.72

2.64

-47.1
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Figure 20: Simulation comparison and the effects on Nitrate and SRP concentrations
from 2007-2011.
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Figure 21: Simulation comparison and the effects on Nitrate and SRP concentrations
from 200-2012.
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Figure 22: Simulation comparison and the effect on cumulative a) Nitrate load from
2006-2012 and b) SRP load from 2006-2012.
7.2

Results of Management Option 2

The objective of the second management option was to simulate conditions of the
wetland with the implementation of a water control structure such as a weir. The height
of the weir was adjusted while the simulated effluent load and flux rate were analyzed.
The results of the baseline along with three experimental simulations are listed in Table
17 and illustrated in Figures 23, 24, 25. The increase in weir height resulted in an
increase in the storage volume and water depth as shown in Table 17 and Figure 23,
where the baseline has an average volume of 2,400 m3. When the weir height was
increased from 0.3 m to 1.0 there was a corresponding increase in average storage
volume of 3,690 m3, 6,250 m3, and 10,300 m3 respectively.
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As a result of this water retention, as the weir height increased from its baseline height of
0.05 m, the increase in height resulted in a decrease in average annual cumulative nitrate
load (kg/yr) for all three experimental simulations (0.30 m to 1.0 m) and an increase in
water storage as shown through Figure 25 and Table 17. The baseline had an average
annual cumulative nitrate load of 1,760 kg, which was reduced to 1,560 kg/yr, 1,350
kg/yr, and 1,150 kg/yr when the weir was raised to 0.30 m, 0.60 m, and 1.0 m,
respectively. This is a decrease in nitrate load of 11.4%, 23.1%, and 34.7%, respectively.
In addition, the nitrate flux rate (average annual effluent load normalized by wetland
area) was also reduced after each simulation experiment. The baseline had a flux rate of
0.304 kg/m2*yr and was reduced to 0.216 kg/m2*yr, 0.138 kg/m2*yr, and 0.101 kg/m2*yr
with each increase in weir height: 0.30 m, 0.60 m, and 1.0 m respectively.

Figure 23: Simulation comparison and average monthly changes in water level from
2007-2011.
Cumulative effluent SRP load had a similar response to the increase in weir height as the
cumulative effluent nitrate load as shown in Table 17 and Figure 25. The adjustment of
the weir height resulted in a decrease in average annual cumulative SRP load from the
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baseline value of 5.0 kg/yr. As the weir height was increased for each simulation from
0.30 m to 1.0 m, the average annual cumulative load was reduced by 4.74 kg/yr, 4.37
kg/yr, and 4.11 kg/yr respectively. This also caused a respective reduction in SRP load
by 5.21%, 12.6%, and 17.7%. The SRP flux rate showed a decrease in rate during the
simulation experiments. Beginning with a baseline flux rate of 8.65*10-4 kg/m2*yr, after
the first simulation the increase in weir height to 0.30 m also caused a decrease in flux
rate to 6.56*10-4 kg/m2*yr. Moreover, when the weir was increased to 0.60 m for
Simulation 2, the result was a decrease in flux rate to 4.47*10-4 kg/m2*yr. In the third
simulation the flux rate also had a decrease in value to 3.64*10-4 kg/m2*yr.
A fourth simulation, Simulation 4 depicted in Figure 24, was used to evaluate how warm
and cool season grasses performed in nutrient reduction with an increase in water level to
0.60 m. The results revealed that the warm and cool season grasses did not outperform
Simulation 2 in nitrate and SRP reduction, with a mean effluent nitrate and SRP
concentration of 1.49 ppm and 6.90 ppb respectively, but were still below the baseline
value. However, the simulation of the warm and cool season grass with the increased
water level was still able to reduce both nitrate and SRP load by 22.8% and 12.1%
respectively as shown in Table 17.
Table 17: Results of Management Option 2 and the effects of increase water level and
change in effluent nutrient load and flux rate.
Results
Weir Height (m)
Average Volume
(m3)

Baseline Simulation
1
0.05
0.30
2,400
3,690

Simulation
2
0.60
6,250

Simulation
3
1.0
10,300

Simulation
4
0.60
6,200
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Mean Nitrate
Concentration
(ppm)
Average Cumulative
Nitrate load (kg/yr)
Change in Nitrate
Load (%)
Nitrate Flux Rate
(kg/m2*yr)
Mean SRP
Concentration (ppb)
Average Cumulative
SRP Load (kg/yr)
Change in SRP
Load (%)
SRP Flux Rate
(kg/m2*yr)

2.02

1.78

1.47

1.23

1.49

1,760

1,560

1,350

1,150

1,360

-

-11.4

-23.1

-34.7

-22.8

0.304

0.216

0.138

0.101

0.140

7.46

7.37

6.82

6.67

6.90

5.00

4.74

4.37

4.11

4.39

-

-5.21

-12.6

-17.7

-12.1

4.47*10-4

3.63*10-4

4.53*10-4

8.65*10- 6.56*10-4
4
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Figure 24: Simulation comparison and the effect on Nitrate and SRP concentrations from
2007-2011.
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Figure 25: Simulation comparison and the effect on cumulative a) Nitrate load from
2006-2012 and b) SRP load from 2006-2012.

7.3

Results of Management Option 3

The objective of the third and final management option was to explore methods of water
reuse by simulating a scenario in which the wetland acts as a reservoir and nutrient rich
water is pumped to irrigate crops in nearby fields outside the wetland watershed. Table
18 and Table 19 display the results of the three experimental simulations. All three
simulations and their corresponding monthly water depths are shown in Table 18 and
Figure 26. Only Simulation 1 was able to retain water within the wetland while
maintaining its pumping rate during the scheduled irrigation withdraws from June to
August. The average water depth was 0.98 m. Whereas although Simulations 2 and 3
had average water depths of 0.84 m and 0.79 m respectively, were unable to retain water
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within the wetland during the summer irrigation schedule. The utilization of the wetland
as a reservoir enhanced the wetland surface area for each simulation as compared to the
baseline value of 5,790 m2 with values of 9,760 m2, 7,940 m2, 7,300 m2 for Simulation 1,
2, and 3 respectively. Simulation 1 resulted in a mean nitrate concentration of 1.44 ppm
which outperformed all other simulations as shown in Table 19 and Figure 27.
Simulation 2 and 3 displayed an increase in mean nitrate concentration value as
compared to Simulation 1 with values of 1.75 ppm for both simulations; although the
nitrate concentrations were still below the baseline value as listed in Table 19. In
addition, all three simulations were able to reduce load by 32.4%, 29.4%, and 29.4% for
Simulations 1, 2, and 3 respectively, as portrayed in Figure 28. Mean SRP concentrations
contained higher concentration values as compared to the baseline with values of 8.27
ppb, 12.7 ppb, and 11.5 ppb for Simulation 1, 2, and 3 respectively. However,
Simulation 1 was able to reduce the load by 8.0%, whereas Simulation 2 and Simulation
3 had increases in load of 6.9% and 6.5% respectively, as displayed in Figure 28.

Figure 26: Simulation comparison and average monthly changes in water level from
2007-2011.
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Table 18: Results of Management Option 3 and the effects of water reuse by irrigation.
Simulation

Average Water Surface Area
(m2)

Average Water Depth
(m)

5,790
9,760

Average Water
Volume
(m3)
2,400
8,260

Baseline
Simulation
1
Simulation
2
Simulation
3

7,940

7,415

0.84

7,300

7,119

0.79

0.33
0.98
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Table 19: Results of Management Option 3 and the impact of nutrient load reduction
from water reuse by irrigation.
Simulation

Mean Nitrate
Concentration
(ppm)

Percent
Change
in
Nitrate
Load
(%)
-32.4

Mean SRP
Concentration
(ppb)

Average
Annual
Cumulative
SRP load
(kg/yr

Percent
Change
in SRP
Load
(%)

2.02
1.44

Average
Annual
Cumulative
Nitrate
Load
(kg/yr)
1,760
1,190

Baseline
Simulation
1
Simulation
2
Simulation
3

7.46
8.27

5.00
4.60

-8.0

1.75

1,240

-29.4

12.1

5.34

6.9

1.75

1,240

-29.4

11.5

5.32

6.5

Figure 27: Simulation comparison and the effects of nitrate and SRP concentration from
2007-2011.
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Figure 28: Simulation comparison and the effect on cumulative a) Nitrate load from
2006-2012 and b) SRP load from 2006-2012.
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DISCUSSION AND CONCLUSIONS

8.1

Discussion

The implementation of the water quality algorithm into the VIC model has provided a
new set of tools to evaluate not only wetland hydrology, but also wetland water quality.
The lake and wetland component now has the ability to simulate nitrate and
orthophosphate transformation through their primary biogeochemical processes. Nitrate
cycling in the VIC model is represented by denitrification and plant uptake, while
orthophosphate transformation is represented by soil sorption and plant uptake. These
chemical transformations take into account biotic and abiotic factors within a natural
environment, where nutrient pollution is observed. Nutrient pollution is a major water
quality issue that impacts not only people within the Midwest and its downstream
tributaries, but also affects human health and environment all over the world (Smith,
2003; Dodds et al., 2009).
The implementation of the water quality algorithm along with previously installed VIC
components enabled multiple management options to be explored. These management
options consisted of simulating the establishment of a variety polycultures, water storage,
and water storage and reuse.
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Analyzing multiple wetland plant establishments, by incorporating seasonal varying
uptake rates helped create a more accurate simulation of wetland vegetation. The attempt
to extend seasonal plant uptake with no augmentation to water level resulted in little
change for nitrate concentration. In addition, there were increases in nitrate load for all
cases. The greatest increase in nitrate load occurs during the simulation of warm season
grass (Simulation 1) following a prolonged period of low discharge. The model may be
simulating a wet and dry cycle and the associated spike of nutrient concentration during
winter periods. The nutrient spike that occurs may be due to the accumulation of influent
concentration coupled with low discharge. After an extended period of nutrient build up
followed by an increase in discharge during the cold season the result is a spike in nitrate
and SRP concentrations. Cool season grasses along with the combination of warm and
cool season grasses are able to limit this spike; however, the model simulates a plant mix
of only warm season grass is unable to reduce the spike in concentration during the
winter periods. Research conducted by Smith and Jacinthe (2014) analyzed wet and dry
cycles along with nutrient release in agricultural wetlands. Their research showed that
when drought induced wetlands experience flooding, the mineralized soils can cause a
pulse of nitrate and phosphates to surface waters (Smith & Jacinethe, 2014).
The implementation of different plant varieties for SRP reduction had consistent results.
Warm season grasses did perform well at SRP reduction as compared to the baseline;
though, the combination of warm and cool season grasses in Simulation 2 were better. In
addition the plant variety of warm and cool season grasses may be a better management
option to consider when taking into account aesthetic value and enhancing the
surrounding ecosystem. Simulation 3, which involved the scenario where vegetation
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with a higher 𝑘𝑆𝑅𝑃𝑢𝑝 was included into the wetland along with warm and cool season
grasses outperformed all other simulations at SRP reduction. The wetland vegetation was
Iris pseudacorus L. (paleyellow iris), and may be a good management technique to
consider when the goal is to reduce SRP concentrations. Li et al. (2013) analyzed six
wetland plants and determined, that Iris pseudacorus L. (paleyellow iris) performs well
for phosphorus removal and is suitable for constructed wetlands.
The water storage Management Option 2 demonstrated a reduction in effluent nitrate and
SRP load by raising the height of the weir in the outlet channel. This management option
showed positive results by displaying a consistent decrease in average annual nitrate and
SRP load along with a decrease in their corresponding flux rate. The decrease in load
and flux rate help provide insight that more of the wetland area is being utilized and
residence time is being increased.
Management Option 2 has shown the water quality algorithms effectiveness at simulating
the processes involved when the water level is increased, and its usefulness as a tool to
analyze the management technique of water storage. Management Option 2 is a good
management practice to consider when the primary goal is to decrease effluent nitrate and
SRP load. The simulations showed a consistent decrease in nitrate and SRP load along
with an increase in water storage. Moreover, the enhancement of wetland area and
decrease in cumulative nitrate and SRP load presents a win-win scenario for wetland
enhancement and nutrient reduction. Simulation 4 provided interesting results, where the
scenario involved an increase in water level to 0.60 m with a plant establishment of warm
and cool season grasses. Though the simulation results did not outperform Simulation 2,
the results did show a reduction in mean nitrate and SRP concentrations as compared to
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baseline values. This simulation highlights the potential to present a management option
that has the ability reduce nitrate and SRP load while also enhancing the surrounding
ecosystem with plant diversity.
Water storage and reuse was the final management option used in Management Option 3
to explore the wetlands potential to be utilized as a reservoir and simulate the pumping of
water to irrigate crops in adjacent fields. The simulations revealed that a 20 acre field
could be irrigated during the summer months while maintaining wetland processes,
reducing nitrate and SRP load, and increasing wetland area. On the other hand,
attempting to irrigate more than a 40 acre field during the summer months is currently
unattainable and can potentially inhibit wetland processes. Conversely, baseline
simulation results showed that under current conditions the wetland is also unable to
maintain water during the summer period, and Simulation 2 and Simulation 3 may be
better management options for preserving current wetland hydrology. Although,
pumping the wetland dry and refilling the wetland may be simulating a human induced
wet and dry cycle caused by over pumping and refilling, and may hinder wetland
processes. The model’s ability to highlight such cautions when considering appropriate
pumping rates is a great tool of the model and useful for decision makers.
Overall, Management Option 3 is the best management option to consider. The VIC
model displayed the Oak’s Wood wetland ability to be utilized for irrigation up to 20
acres while still maintaining water within the wetland and not inhibiting natural
processes. Research conducted by Jaber and Shukla (2004) used the Systeme
Hydrologique European (SHE or MIKE SHE) model to evaluate the potential for
agricultural impoundments to be used as a form of water supply in southwest Florida.
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Their model results also revealed that agricultural impoundments have potential to be a
good source of water supply (Jaber & Shukla, 2004). This management option also
presents a win-win scenario, where wetland enhancement and crop irrigation is reached
providing both environmental and economic benefits.
Future research endeavors include the enhancement of the water quality algorithm and
further expansion on the explored management options. The improvement of the water
quality algorithm can be performed by first comparing the current CFSTR with other
reactor model types such as a PFR or TIS, and ensuring the CFSTR is the best fit for the
VIC model. In addition to model comparison, model resolution should be an area to be
researched. Chapra (1997) discusses model resolution as analyzing both segmentation
and time step at different resolutions to simulate chemical and physical processes at
different time scales. Nutrient pollution has time scale that ranges from weeks to
decades. This vast range shows that it is important to analyze nutrient pollution at
different time scales to simulate and observe trends and correlate their occurrence
(Chapra, 1997). Borah et al. (2004) applied the Dynamic Watershed Simulation Model
(DWSM) to three watersheds in Illinois for calibration and validation. DWSM is a storm
event model that also has a hydrology, chemical, and sediment components. The time
scales used in their simulations ranged from 0 to 60 hours and 0-12 days. The results of
their study showed that the DWSM model was effective at simulating water and sediment
discharge during intense storm events which is very important, because water and
sediment act as transporters for nitrate and orthophosphates during such events (Borah et
al., 2004). The VIC model currently runs at an hourly time step. It would be valuable
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and of interest to explore the VIC models capabilities and use the water quality algorithm
at different time scales along with different management practices.
Further algorithm expansion should include more accurate representation of wetland
processes. This can be accomplished by first focusing on the denitrification parameter.
Denitrification is currently given a varying reaction rate constant based on water
temperature. It would be beneficial to first better understand the denitrification processes
occurring at the Oak’s Wood wetland by developing research to quantify the
denitrification rates. This would later allow proper source code changes to be applied to
the denitrification process, and more accurately simulate its seasonal changes and impact
on nitrate reduction. Simulating periods of low discharge along with chemical and
biological processes appears to be a challenge that researches face when working with
hydrologic models (Borah, Bera, & Xia, 2004; Borah & Bera, 2004; Jaber & Shukla,
2004). As a result, the source code may need to be adjusted to balance periods of low
discharge and water quality more precisely, and better simulate observed nitrate and SRP
concentrations during periods of low discharge.
In addition to changes in the algorithm, additional laboratory experiments to calculate
rate constants which represent wetland processes would also be very beneficial such as
quantifying a potential denitrification rate constant from sampled areas within the
wetland. Incorporating wetland processes into the VIC model in order to capture
important factors that can either inhibit or enable nutrient transformation is important.
For example, root penetration is a process that would provide more insight on oxygen
transfer from the atmosphere to roots as well as the potential to create aerobic
environments and support microbial activity. Moreover, the incorporation of pH would
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also be beneficial to provide details on the selected plants ability to grow in current soil
conditions as well as the ability for soil sorption rates to be quantified more accurately
(Reed S. , 1991; Kadlec & Wallace, 2009). Demetriou and Punthakey (1999) used the
MIKE SHE model to analyze water management practices such as vegetation
implementation, on-farm recycling ponds combined with land forming (impoundments),
as well as shallow pumping to reduce the rise of saline concentrations within the water
table in New South Wales, Australia. Their research also entailed an external audit by
consultants to provide feedback of the developed model. The consultants recommended
more field measurements to better represent the areas ecosystem such as
evapotranspiration, LAI, root development and tolerance, and leakage rates and locations
(Demetriou & Punthakey, 1999). Performing field measurements in these areas would
also be beneficial by not only providing more accurate parameterization for the VIC
model, but also providing researchers, state agencies, and federal agencies more field
measurements on Midwest wetlands, an area that continuously needs updated
information.
Management options to be further expanded on include the simulation of seasonal
varying rates and methods to extend plant uptake. Simulation 4 in Management Option 2
showed a decrease in nitrate and SRP concentrations when the water level was raised to
0.60 m with an establishment of warm and cool season grasses. Establishing polycultures
is important to create a healthy wetland habitat, and creating more accurate
representations of plant types and their impact of both nitrate and SRP is essential for
decision making which is why research should be expanded on in this area.
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Another management option to be further explored is water reuse from the wetland by
irrigation. This management technique is being used more frequently, and research
should be continued to further examine the potential of a wetland to act as a source of
water to irrigate crops. This research would entail examining irrigation schedules during
the growing season in the Midwest along with research to expand and quantify the
wetlands potential to irrigate adjacent fields. This would help locate the source code
prohibiting pumping past a specified limit, and determine the tilting point of
overutilization where irrigation from the wetland completely depletes the wetland water
and inhibits wetland processes. Jaber and Shukla (2004) used the MIKE SHE model to
evaluate impoundments in southern Florida and their potential as a source of irrigation
for crops. When performing their analysis in order to maintain current ecosystem
conditions a minimum water level depth of 0.10 m was incorporated into the SHE model
when irrigating to ensure protection of the surrounding ecosystem (Jaber & Shukla,
2004). An implementation such as this in the VIC model would also be helpful when
further exploring Management Option 3 to ensure integrity of the surrounding ecosystem.
Lastly, combining all management options should be explored, and may provide the
overall best management option. By using Management Option 1, and implementing
warm and cool season grasses with Iris pseudacorus L. (paleyellow iris). Management
Option 2 and 3 to determine a weir height that provides both nitrate and SRP load
reduction along with crop irrigation would be an ideal goal to achieve and worth
pursuing.
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8.2

Conclusion

The overarching goal of this research was to analyze multiple management options at the
Oak’s Wood Wetland using a newly developed water quality algorithm. The initial
hypothesis was that the establishment of diverse wetland plants and the ability to manage
the water level would result in an increase in HRT and in return decrease the effluent
nutrient concentration. In addition, methods of irrigation were further explored using the
stored water within the wetland as a form of irrigation for crops. The research analysis
revealed the following:


The implementation of the water quality algorithm into the VIC model
was acceptable in the model’s ability to represent current conditions and
analyze multiple management options to reduce effluent nutrient
concentrations at the Oak’s Wood’s wetland. These management options
included: 1) establishing plant variety within the wetland, 2) management
of water level to increase water storage, and 3) water storage and reuse for
crop irrigation.



Establishment of vegetation polycultures (Management Option 1) was the
best management option for SRP reduction. The plant variety that
provided the best balance to reducing both nitrate and SRP effluent
concentration and load was the establishment of Iris pseudacorus L.
(paleyellow iris) to increase plant uptake of SRP along with warm and
cool season grasses for nitrate reduction. This simulation led to a
reduction in SRP load by 47.1%.
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Increased water storage (Management Option 2) showed benefit for nitrate
and SRP reduction. The weir height which was most efficient at
decreasing effluent nitrate and SRP loads was 1.0 m (Simulation 3). This
simulation decreased the effluent nitrate load by 34.7%. In addition, the
effluent SRP load reduced by 17.7%. Combining an increase in water
level by 0.60 m along with a plant establishment of warm and cool season
grasses can reduce both nitrate and SRP.



Water storage and reuse (Management Option 3) was considered the best
overall option by providing both environmental and economic benefits.
The pumping rate which performed best at nitrate and SRP reduction
while also increasing the surrounding wetland area was Simulation 1. The
pumping rate of this simulation was set to 3.77 m3/hr from June through
August. This lead to a decrease in nitrate load by 32.4% and an increase
in wetland area by 68.6%. Moreover, the SRP load was also reduced by
8.0%.

The integration of the current water quality algorithm and the accompanying tools are
vital in order to better understand nutrient pollution and potential management options.
Though this study highlights the potential of a natural wetland to be utilized for nutrient
reduction, these management options can also be applied to constructed wetlands.
However, the implementation of management options may have adverse impacts outside
of the scope of the site location. For instance, implementing a water control structure
may impact downstream hydrology or not fully understanding the obligations and
responsibilities of maintaining a natural wetland may lead to unanticipated costs and
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permit requirements. For these reasons it is important to consider potential impacts to the
watershed area and also understand the obligations and responsibilities that may be
required to implement certain management options. The first course of action to
implement an agricultural BMP such as a wetland should be to obtain more information
and guidance by contacting the proper state and federal agencies whom oversee wetlands
and navigable waters to ensure proper permits are completed.
Overall the water quality algorithm has enhanced the VIC hydrologic model by
displaying its ability to incorporate surrounding hydrologic processes on a small scale
while integrating fundamental biogeochemical processes performed within wetlands
which simulate nutrient transformation. Carrying out the aforementioned has again
confirmed the VIC models multi-scale capabilities, as well as the addition of a chemical
component which displays a breadth of management options that can be further explored
to either restore, enhance, or create wetlands and reduce nutrient pollution.
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APPENDIX

SOIL TEST REPORT FOR BASELINE SOIL SAMPLING

Figure 29: Soil samples collected from Oak’s Wood wetland and analyzed by A&L
Great Lakes Laboratories, Inc. page 1 of 2 (double click figure to view as a pdf
document).
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Figure 30: Soil samples collected from Oak’s Wood wetland and analyzed by A&L
Great Lakes Laboratories, Inc. page 2 of 2.

